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ABSTRACT 

Plutonium and americium have been released into the environment as a 
result of nuclear weapons testing and energy production. A large portion of 
plutonium and americium is currently stored in waste deposits, some of which 
have leaked and released actinides into the subsurface. Migration of actinides 
through the subsurface is generally limited because of their low-aqueous 
solubility and strong sorption to minerals and organic materials. However, in a 
few locations, a fraction of plutonium and americium moved considerable 
distances through the subsurface. The purpose of this manuscript is to review 
literature on plutonium and americium in the subsurface and to develop a 
conceptual model for plutonium and americium fate and transport in the 
subsurface. First, the Occurrence and distribution of plutonium and americium in 
the terrestrial environment is summarized. This shows that, worldwide, most 
atmospherically deposited plutonium and americium is concentrated in the top 
few centimeters of soil, but a fraction of actinides has moved considerably farther 
distances. The environmental chemistry of plutonium and americium is 
discussed, and the major chemical reactions relevant for environmental 
conditions are presented, including redox, hydrolysis, complexation, 
polymerization, and sorption reactions. The geochemical reactions are then put 
into perspective with respect to transport mechanisms, which shows that 
colloid-facilitated transport is an important transport process for plutonium and 
americium. Colloid-facilitated transport of plutonium and americium can occur 
by way of inorganic, organic, or intrinsic colloids and will enhance movement of 
actinides through the subsurface. Total mass transported, however, will be 
limited by the amount of colloids present. A conceptual model for plutonium and 
americium fate and transport in the subsurface is presented. From this conceptual 
model, key issues are identified that must be resolved in order to understand and 
potentially quantify plutonium and americium fate and transport at the Idaho 
National Engineering and Environmental Laboratory site in Idaho Falls, Idaho. 
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Fate and Transport of Plutonium and Americium in the 
Subsurface of OU 7-13/14 

1. INTRODUCTION 

Plutonium has been released into the environment by human activities related to weapons testing 
and energy production. Both nonpoint-source and point-source pollution with plutonium has occurred. 
Nonpoint-source pollution originated mainly from atmospheric nuclear bomb tests between 1945 and 
1962 and from a satellite accident in 1964 (Hardy, Krey, and Volchok 1973). Point-source pollution has 
been caused by accidents, such as the nuclear-weapons-carrying airplanes that crashed in Spain in 1966 
and Greenland in 1968, by release of plutonium from production facilities and waste disposal operations, 
and by underground nuclear bomb testing. No matter the environmental compartment in which plutonium 
was released, the radionuclide tends to accumulate in soil, sediment, and rocks. It has been found that 
plutonium sorbs very strongly to subsurface materials, and migration of plutonium through the subsurface 
is minimal. Past environmental monitoring has repeatedly shown that atmospheric plutonium fallout is 
concentrated in the first few centimeters of soil, demonstrating limited mobility of plutonium in the 
subsurface (Harley 1980; UNPUB 1982 [Yamamoto, Komurs, and Sakanoue]; Bunzl et al. 1995). 

Past monitoring studies were not designed to find the leading edge of plutonium distribution in soil 
but to pinpoint the location of the bulk of plutonium. Maximum transport distances of plutonium are 
difficult to infer from these studies. More recent evidence has indicated that, under certain conditions, 
plutonium can be mobile in the subsurface. Enhanced mobility of plutonium has been postulated to occur 
under conditions of preferential flow (Bundt et al. 2000), colloidal transport (Kersting et al. 1999), or a 
combination of the two phenomena (Litaor, Barth, and Zika 1996; Litaor et al. 1998). These processes 
would allow plutonium to migrate much farther through the subsurface than expected based on 
chromatographic considerations commonly made for subsurface transport. Enhanced mobility of 
plutonium in the subsurface is of utmost concern for waste disposal and risk assessment and, if proven to 
be relevant, must be considered in fate and transport models. 

The environmental chemistry of plutonium is complex. Plutonium has four oxidation states: 
Pu(III), Pu(N), Pu(V), and Pu(V1). Each of these oxidation states has different sorption properties. 
Further, plutonium is a difficult element to work with experimentally. Standard chemical laboratories are 
usually not equipped with analytical tools to measure plutonium, and preserving the original oxidation 
state of plutonium in environmental samples is often difficult. Consequently, environmental fate and 
transport of plutonium are not as easily studied as other contaminants with laboratory experiments. 

Americium-241 is a decay product of Pu-241 by p decay with a half-life of 14.4 years. 
Consequently, distribution of Am-241 in the environment follows closely that of Pu-241. Like plutonium, 
americium shows a bimodal mobility in the environment. Most americium accumulates in the top few 
centimeters of soil. Like plutonium, enhanced mobility of americium has been observed for a small 
fraction of americium attributed to a colloidal transport pathway (Kim 1986; Nagasaki, Tanaka, and 
Suzuki 1997b). Unlike plutonium, however, americium only occurs in one stable oxidation state (Am[III]) 
in the environment, and the geochemical behavior is substantially simpler than that of plutonium. 

The objective of this manuscript is to develop a conceptual model for fate and transport of 
plutonium and americium in the subsurface and to outline how this model would be parameterized for 
implementation into fate and transport codes. The conceptual model is based on a review of pertinent 
literature on plutonium and americium fate and transport in the subsurface and provides an overview of 
environmental chemistry and hydrology of the two radionuclides. 
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2. INFORMATION SOURCES 

Most information compiled and reviewed in this manuscript is taken from peer-reviewed technical 
publications. Research activities related to plutonium and americium fate and transport are currently 
ongoing in many laboratories, and preliminary results have been presented in conference abstracts. Such 
abstracts have been used when appropriate and available. A large body of pertinent literature about 
plutonium and americium exists in the form of internal reports from DOE national laboratories, such as 
Los Alamos and Argonne, or federal agencies, like the DOE or USGS. An effort has been made to obtain 
such reports, and the information has been incorporated in this review whenever possible. 

Several reviews and summaries exist on environmental distribution of plutonium and americium 
(Hardy, Krey, and Volchok 1973; Harley 1980; Watters, Hakonson, and Lane 1983; Coughtrey et al. 
1984, Vol. 4, pp. 1-462; Coughtrey et al. 1984, Vol. 5, pp. 1-235; Kudo 2001 [Taylor]), the geochemistry 
of plutonium and americium (Cleveland 1979; Choppin 1983; Carnal1 1983; Kim 1986; Lieser 1995; 
Runde 2000; Kudo 2001 [Choppin and Morgenstern]; B a n g  and Brady 2002 [Runde]), migration of 
radionuclides in subsurface media (Choppin 1992; Kudo 2001 [Choppin and Morgenstern]), and the role 
of colloid-facilitated transport of radionuclides (Zhang and Brady 2002 [Honeyman and Ranville]). Here, 
previous reviews on environmental (subsurface) distribution of the two actinides are updated with 
emphasis on the leading edge of concentration distributions, and environmental chemistry of actinides is 
discussed with respect to its relevance to transport in subsurface media. Transport behavior of plutonium 
and americium in the subsurface is reviewed, and relevant transport mechanisms are highlighted. 
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3. OCCURRENCE OF PLUTONIUM AND AMERICIUM IN THE 
SUBSURFACE 

3.1 Atmospheric Deposition 

Aboveground nuclear weapons tests between 1945 and 1975 have released about 360,000 Ci of 
plutonium (Carter and Moghissi 1977; Watters, Hakonson, and Lane 1983), mainly in the form of Pu-239, 
Pu-240, and Pu-238, as aerosol into the atmosphere, and this plutonium was subsequently deposited on 
the earths surface. An additional atmospheric input occurred on April 21, 1964, when a satellite, carrying 
a Systems for Nuclear Activity Power generator (SNAP-9A) containing Pu-238, accidentally reentered 
the atmosphere, releasing about 16,000 Ci of plutonium (Hardy, Krey, and Volchok 1973; Watters, 
Hakonson, and Lane 1983). Monitoring showed that, by 1970,9570 of this plutonium had been deposited 
on the earths surface, mostly in the Southern Hemisphere (Hardy, Krey, and Volchok 1973). 

Plutonium also was released into the atmosphere during crashes of two airplanes carrying nuclear 
weapons-one in 1966 near Palomares, Spain, and one in 1968 near Thule, Greenland (Watters, 
Hakonson, and Lane 1983). Much of the released plutonium was recovered during cleanup operations; a 
portion, however, remained in the soil and sediment of affected areas. 

As a result of the nuclear reactor accident at Chernobyl, Ukraine, on April 26, 1986, Pu-238, 
Pu-239, and Pu-240 were emitted into the atmosphere (Bunzl and Kracke 1990; Poyarkov et al. 2000 
[Baryakhtar et al.]). Much of this plutonium was deposited on land surface, mainly in Belarus, Russia, 
and Ukraine, but other European countries, especially Scandinavian and Alpine countries, were affected 
as well (Poyarkov 2000 [Shestopalov and Poyarkov]). A major portion of radionuclides emitted was 
deposited in the night of April 27 because of rainfall in Sweden, Finland, Germany, Austria, Switzerland, 
Greece, Bulgaria, and Romania (Poyarkov 2000 [Shestopalov and Poyarkov]). 

Following atmospheric deposition, fate and transport of plutonium are determined by a variety of 
environmental factors, such as type of vegetation, amount and characteristic of organic matter present in 
soil, soil type, and climatic conditions at the site. Migration of the center of the mass of atmospherically 
deposited plutonium and americium through soil proceeds very slowly. For instance, migration rates of 
about 1 cm per year have been reported for climatic conditions of southern Germany (Bunzl, Kracke, and 
Schimmack 1992; Bunzl and Kracke 1994). As the center of the mass of atmospheric deposition remains 
in upper soil layers worldwide, little can be inferred about transport rates in deeper soil horizons. 
Nevertheless, information about spatial distribution of atmospheric deposition of radionuclides provides 
useful insight about the environmental behavior of plutonium and americium. 

Americium in the environment occurs mainly as the Am-24 1 isotope, which is produced by decay 
of Pu-241 (see Table 1) (Coughtrey et al. 1984, Vol. 5, pp. 1-235). The atmospheric distribution pattern 
of americium basically follows the pattern of Pu-241. Nuclear weapon explosions and nuclear fuel 
processing also directly have released americium into the environment (Coughtrey et al. 1984, Vol. 5, 
pp. 1-235). 
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Table 1. Selected nuclear properties of plutonium and americium (Seaborg and Loveland 1990; - -  - 

Lide 1994). 
Decay Energy Half-Life 

Element Isotope Decay Mode (MeV) (Year) Decay Product 
Plutonium Pu-238 a 5.593 87.7 U-234 

Pu-239 a 5.244 24,110 U-235 

Pu-240 a 5.255 6,563 U-236 

0.021 14.4 Am-24 1 Pu-24 1 P 
Americium Am-24 1 a 5.637 432.7 Np-237 

3.2 Direct Release to the Subsurface 

Plutonium has been released directly to the subsurface either intentionally or accidentally. 
Intentional releases comprise underground nuclear bomb testing conducted by the United States, 
United Kingdom, France, China, and former Soviet Union, such as at the Nevada Test Site 
(Tamura 1975), Semipalatinsk Nuclear Test Site in Eastern Kazakhstan (Yamamoto et al. 1996), Novaya 
Zemlya (Carter and Moghissi 1977), Saharan Desert (Carter and Moghissi 1977), and Lop Nor in China 
(Carter and Moghissi 1977). Plutonium-containing waste was disposed of into the subsurface during 
liquid waste disposal procedures at nuclear production facilities, such as at Los Alamos, New Mexico 
(Nyhan et al.1985; Penrose et al. 1990), Hanford, Washington (Rhodes 1957), Oak Ridge, Tennessee 
(UNIPUB 1982 [Garten, Trabalka, and Bogle]; Olsen et al. 1986), Idaho Falls, Idaho (UNIPUB 1982 
[Rees and Cleveland]), Savannah River, South Carolina (Alberts, Halverson, and Orlandini 1986), Maxey 
Flats, Kentucky (Cleveland and Rees 198 l), Karlsruhe, Germany (UNIPUB 1982 [Schuttelkopf and 
Pimpl]), Windscale and Sellafield, United Kingdom (Nelson and Lovett 1978), and Mayak Plutonium 
Production Plant in the former Soviet Union (Skipperud, Oughton, and Salbu 2000). Accidental releases 
occurred sporadically, such as during the explosion of a waste tank at the Mayak site (Skipperud, Oughton, 
and Salbu 2000), leakage of plutonium-contaminated oil from storage drums at Rocky Flats, Colorado 
(McDowell and Whicker 1978), or leaks in reactor cooling systems at Savannah River (Alberts, 
Halverson, and Orlandini 1986; Loyland et al. 2000). 

Americium has been released through a similar pathway to that of plutonium+ither directly from 
nuclear detonations or following radioactive decay of Pu-241. In addition to global atmospheric 
deposition, point-source releases of plutonium provide unintentional experiments on plutonium and 
americium fate and transport under different edaphic and climatic conditions. 

3.3 Spatial Distribution of Plutonium and Americium in Soil 

Measured depth distributions of plutonium and americium in soil indicate that two radionuclides 
sorb strongly to soil material and that translocation within soil is limited. The bulk of atmospheric 
deposited plutonium originating from weapons testing 30-40 years ago is usually found in the top 
10-15 cm of soil (Harley 1980; UNIPUB 1982 [Yamato et al.]; UNIPUB 1982 [Yamamoto, Komurs, and 
Sakanoue]; Riekkinen and Jaakkola 2001). Figure 1 shows the depth distribution results from atmospheric 
deposition. The horizontal bars in Figure 1 represent measurement error (based on data from Bunzl et al. 
[ 19951). Depth penetration of plutonium depends on climatic and edaphic conditions. For instance, in 
southern Germany (with a mean annual precipitation of 800 mm), more than 90% of the total discovered 
activity of plutonium and americium were located within the top 15 cm (Bunzl et al. 1995). Soil in which 
plutonium was released since the early 1940s from nuclear processing facilities at Hanford, Washington, 
(with a mean annual precipitation of 230 mm) contains 95% of Pu-239 and Pu-240 within the top 5 cm 
(Price 1991). Figure 2 displays distribution of plutonium with depth at Hanford for both offsite and onsite 
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locations (based on data from Price [ 19911). Offsite locations are exposed to global atmospheric 
deposition only. Onsite locations have been exposed to emissions from nuclear facilities at the Hanford 
site in addition to global atmospheric deposition since the early 1940s. Plutonium from the nuclear 
explosion deposited in soil near Nagasaki (with a mean annual precipitation of 2,000 mm) on 
August 9, 1945, in the form of black rain is mostly (95% of inventory) contained in the top 20 cm of soil 
(Mahara and Miyahara 1984; Mahara and Kudo 1995). 

Activity (Bq/kg) 
0.00 0.05 0.10 0.15 

I I I I  1 1 1 1  I 1 1 1  - - - - - - - - - 

I I 

05GA50531-01 

Figure 1. Depth distributions of Plutonium-239, Plutonium-240, and Americium-241 in an Alfisol under 
grassland in southern Germany resulting from atmospheric deposition. 
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30 
03-GA50531-02 

Figure 2. Depth distribution of Plutonium-239 and Plutonium-240 in soil at the Hanford site in Washington. 
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Although the bulk of plutonium remains in the very top of the soil, it has been found that a 
fraction of plutonium has moved to deeper locations in soil profiles. In soil at Nagasaki, 3% of the 
plutonium has migrated deeper than 30 cm and was detected to the maximum sampling depth of 4.5 m 
(Mahara and Kudo 1995). At Rocky Flats, Colorado, soil contaminated with atmospheric deposited 
plutonium originating from weapons processing has been detected at depths greater than 1 m. Figure 3 
shows depth distribution origins of plutonium. Horizontal bars in Figure 3 represent measurement error 
(based on data from Litaor and Ibrahim [ 19961 and Iranzo et al. [ 19911). Plutonium that was released as 
aerosol in 1966 when four thermonuclear bombs were dropped near Palomares, Spain, as a result of an 
aircraft accident (Iranzo et al. 1991; Rubio Montero et al. 2000; Rubio Montero and Sanchez 2001) 
moved to a depth of at least 45 cm in an uncultivated soil (see Figure 3). Some plutonium emitted by a 
reprocessing plant in Karlsruhe, Germany, had moved deeper than 20 cm in a sandy soil within less than 
10 years (UNIPUB 1982 [Schuttelkopf and Pimpl]). Depth distributions of plutonium in soil surrounding 
Chernobyl showed that the center of the mass of plutonium was located between 1 and 15 cm deep, only 
15 months after the accident, depending on soil type (Pavlotskaya et al. 1991). Deeper movement 
occurred mainly in soil with humus accumulations (Spodosols), implying humus complexation as 
potential translocation mechanisms. 

Activity (Bq/kg) 

100 101 102 lo3 lo4 lo5 

Activity (Bq/kg) 
1 oo 1 o2 1 o4 1 o6 

10 

20 

30 

40 

Profile 31 
*- Profile 33 

-O--+ Profile 35 
&- Profile 36 

. . .v. . . . . .v .. Profile 37 I 
03-GA50531-03 

Figure 3. Depth distributions of Plutoniumu-239 and Plutonium-240 (a) originating from nuclear 
weapons processing between 1952 and 1989 and deposited by wind in soil at Rocky Flats, Colorado and 
(b) originating from aerosol deposition caused by an aircraft accident near Palomares, Spain, in 1966. 
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In special cases, plutonium and americium have been observed to move at faster rates than 
commonly observed in surface soil. At a waste disposal facility at Los Alamos, New Mexico, plutonium 
and americium were discharged through absorption beds, composed of 1.2-m-deep soil, sand, gravel, and 
stone, into unsaturated fractured tuff. After 33 years of operation, plutonium and americium were detected 
to depths of 6.5 and 13.4 m, respectively (Nyhan et al. 1985). In an adjacent absorption bed, where 20.5 m 
of water were applied in 1961 in order to move radionuclides through tuff, plutonium and americium 
were detected to the maximum sampling depth of 30 m (Nyhan et al. 1985). Additional application of 
water mobilized 349.6% of americium and 0.3-5.1% of plutonium present (Nyhan et al. 1985). A water 
application of 20.5 m in 1 year is admittedly a strong driving force for chemical movement. Nevertheless, 
the fact that plutonium and americium moved to a 30-m depth indicates that an accelerated movement of 
plutonium occurred. Such an accelerated movement can either be caused by preferential flow (fractured 
flow), colloid-facilitated transport, or a combination of both. 

Plutonium activities in soil not only differ vertically, but plutonium activities also have 
considerable horizontal spatial variability. It has been observed that, particularly in deeper soil horizons, 
higher plutonium activities occur in preferential flow channels (Litaor, Barth, and Zika 1996; Bundt et al. 
2000). This horizontal variability is a direct result of nonuniform flow pathways. However, even in the 
absence of preferential flow, plutonium tends to be distributed heterogeneously in soil, in part because 
some plutonium occurs as discrete particles in the form of PuOz (McDowell and Whicker 1978). 

In aquatic ecosystems, plutonium and americium are accumulated in sediment layers of lakes and 
oceans (UNIPUB 1982 [Wahlgren and Orlandini]; UNIPUB 1982 [Yamamoto, Komurs, and Sakanoue]; 
Seaborg and Loveland 1990; Gasco et al. 2002; Michel et al. 2002). In contrast to terrestrial ecosystems, 
however, plutonium and americium are usually not found in the topmost layers of sediment but are 
distributed according to sedimentation patterns of the particular aquatic system. As a result, main 
plutonium and americium activities can occur at considerable depths below sediment surfaces 
(Michel et al. 2002) and, therefore, do not represent migration patterns of plutonium and americium 
through sediment but represent sedimentation rates (UNIPUB 1982 [Yamamoto, Komurs, and Sakanoue]; 
Michel et al. 2001). 

While these monitoring studies allow scientists to assess spatial distributions and transport rates of 
plutonium and americium in the subsurface, little can be inferred about transport processes and 
mechanisms involved. Nevertheless, monitoring studies provide long-term, natural experiments that, in 
combination with more mechanistic studies, help people to better understand radionuclide fate and 
transport in their environment. 
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Isotopes of plutonium vary from Pu-232 to Pu-246 and range in half-lives from about 1 minute to 
over 1,015 years. Almost all isotopes are a-emitters. Plutonium-239 has been found naturally in uranium 
deposits, occurring as a product of uranium radioactive decay, but has been estimated at a ratio of only 
one plutonium atom per 10" uranium atoms (Katz and Seaborg 1986 [Weigel, Katz, and Seaborg]). The 
long-lived Pu-244 isotope also has been identified in very small quantities. Therefore, the source of 
plutonium isotopes both in the environment and for the chemistry laboratory is nuclear synthesis. Of the 
synthesized isotopes, Pu-239 is the most important both for production of nuclear weapons and fuel. 
Some nuclear properties of major plutonium isotopes are summarized in Table 1. 

Americium isotopes include mass numbers from Am-234 to Am-247. Most heavier forms have 
half-lives around 20 minutes and are @-emitters. Americium-24 1 and Am-243 are a-emitting 
radioisotopes and are the most important in terms of quantities produced in power reactors. They originate 
from irradiation of Pu-239 and decay of Pu-241 (Am-241) and Pu-242 (Am-243). Half-lives of Am-241 
and Am-243 are 432.7 and 7,380 years, respectively (Katz and Seaborg 1986 [Weigel, Katz, and 
Seaborg]). Americium is used in sealed sources in scientific instruments and smoke detectors, but these 
uses are small compared to nuclear reactor and weapon sources (Zhang and Brady 2002 [Zhang, 
Krumhansl, and Brady]). 

Isotopic ratios among different plutonium isotopes and among plutonium isotopes with other 
radionuclides have been used to determine the origin of plutonium contamination found in the 
environment (Cochran et al. 2000; Dasher et al. 2002; Huh 1997; Mitchell et al. 1997; Kersting et al. 
1999). Each nuclear weapon test released specific Pu-240 and Pu-239 isotopic ratios, and these ratios 
have been used to identify sources of plutonium found in the environment (Kersting et al. 1999; 
Muramatsu et al. 2001). Similarly, Am-241, Pu-239, and Pu-240 ratios have been used to identify origins 
of plutonium contamination (UNIPUB 1982 [Yamamoto, Komurs, and Sakanoue]). Americium-241, 
Pu-239, and Pu-240 activity ratios in sequential extractions were used to infer that radionuclides moved 
from ocean sediment to the water column (Haque and Nakanishi 1999). Baskaran et al. (1996) measured 
Pu-238, Pu-239, Pu-240, Cs-137, and excess Pb-2 10 concentrations in surficial sediment and sediment 
cores from the Ob and Yenisey Rivers (located in Russia) and the Kara sea to show that >95% of 
radioisotopes came from fallout. 
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5. GEOCHEMISTRY OF PLUTONIUM AND AMERICIUM 

5.1 Oxidation States 

Plutonium has multiple oxidation states under environmental conditions (see Table 2). 
Plutonium(II1) is unstable under most environmental conditions and easily oxidized; Pu(IV) is the most 
stable state in water that contains significant amounts of organic material; Pu(V) is the stable state in 
water without organic material (Seaborg and Loveland 1990). In the presence of humic materials, Pu(V) 
is reduced to Pu(IV). Stable soluble species are Pu(V) and Pu(V1); however, under most environmental 
conditions, Pu forms insoluble phases with inorganic anions, such as O H ,  C03*-, HPO:-, F, and SO?-, 
and with organic materials resulting in accumulation in sediment (Seaborg and Loveland 1990). 
Hydrolysis and complexation decrease in the order Pu4+ > P u O p  > Pu3+ > Pu02+ (Seaborg and Loveland 
1990) following the effective charge +4 > +3.2 > +3 > +2 on the ions (Cleveland 1979). The oxidation 
state of plutonium is affected by all of these reactions-oxidation and reduction (detemined by Eh and 
pH), precipitation and dissolution of insoluble solid phases, and formation of inorganic and organic 
complexes (Katz and Seaborg 1986 [Weigel, Katz, and Seaborg]). 

Table 2. Selected chemical and physical properties of plutonium and americium ions. 

Ionic Radiusb 
Oxidation State Form" (nm) 

Plutonium 

I11 PU3+ 0.0997 

Iv PU4+ 0.0887 

Iv Pu02.nHzO NA 

V PU02+ NA 

VI puop  NA 

Americium 

I11 Am3+ 0.0982 
a. Weigle et al. (1986) 
b. Seaborg and Loveland (1990) 

The redox chemistry of plutonium is unique in the sense that substantial concentrations of common 
oxidation states, Pu(III), Pu(Iv), Pu(V), and Pu(VI), can coexist in the same solution (Cleveland 1970; 
Katz and Seaborg 1986 [Weigel, Katz, and Seaborg]). This behavior is due to both thermodynamic and 
kinetic considerations. From a thermodynamic standpoint, reduction potentials of various redox couples 
are often similar in particular solutions (see Figure 4) (Choppin 1999). Thus, in acid solutions, where 
reduction potential relative to standard hydrogen electrode is near one for all couples shown in Figure 4, 
plutonium can exist in four oxidation states simultaneously at equilibrium. Disproportionation reactions, 
Pu(IV) + Pu(II1) + Pu(V1) and Pu(V) + Pu(Iv) + Pu(VI), result in redistribution of plutonium species if 
the reaction is favored by solution conditions. For example, Pu(V) undergoes disproportionation in acid 
solutions but is the stable species in neutral and basic solutions (Choppin 1999). 

The redox speciation of plutonium is important from an environmental standpoint because of 
differences in behavior of various species. Plutonium(II1) and Pu(IV) states exist as Pu3+ and Pu4+ cations 
in aqueous solutions and are strongly sorbed to soil and sediment. Of these two species, Pu(IV) is 
dominant in neutral and alkaline media except under suboxic and anoxic conditions (Choppin, Bond, and 
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Hromadka 1997). In this oxidation state, plutonium is particularly immobile in the subsurface because of 
its tendency to sorb strongly to natural minerals and organic matter and to form extremely insoluble 
Pu(OH)~ and Pu02(c) solid phases. The equilibrium constant for Pu02(c) dissolution from free energies of 
Pu02(c), Pu4+(aq), H20, and (OlT)(aq) has been calculated to be log K = -63.3 for the reaction (Katz and 
Seaborg 1986 [Morss]) shown in Equation (1). 

PuOz(c) + 2H20 = Pu4+(aq) + 40H-(aq) . 

Pu(lll) Pu(lV) P W )  Pu(VI) 
0.982 V 
-0.39 V 
-1.04 V 

1.170V 0.916 V 
0.70 V 0.60 V 
0.52 V 0.16 V 

1.043 V 
_-_____ 0.65V 

0.34 V 

0 
8 

14 

0 
8 

14 

03-GA50531-04 

Figure 4. Reduction potentials between the couples of Pu(II1) through Pu(V1) determined in 
noncomplexing media at acid, neutral, and basic pH. 

Solubility of Pu(OH)~(C) also is estimated to be low (log K = -22.6) as is that of 
Am(OH)3(c) (log K = -24) (Katz and Seaborg 1986 [Morss]). In spite of extremely low solubility, the 
total concentration of pU(1V) species still may be significant in aqueous solutions in equilibrium with 
PuO2(c) or with somewhat-more-soluble Pu(OH)4(s) (log K = 55)  (Choppin, Bond, and Hromadka 1997). 
This is because Pu(IV) forms stable complexes with hard inorganic ligands such as F, C 0 3 ,  PO4, and SO4 
(Katz and Seaborg 1986 [Ahrland]) and is complexed by dissolved humic materials (Choppin, Bond, and 
Hromadka 1997). Furthermore, hydrolyzed species forms hydroxy and, eventually, oxopolymers that can 
grow to colloidal size before forming a crystalline precipitate. Thus, the concentration of Pu(IV) in 
aqueous solution is likely to be much higher than that of the hydrated Pu4'(aq) ion. Nevertheless, most 
Pu(III), Am(III), and Pu(lV) in the environment are associated with solid phases either through 
(1) precipitation of hydroxide or oxide or (2) through sorption to geologic media by chemisorption or ion 
exchange (Carnal1 1983). 

Plutonium(V) and Pu(V1) oxidation states, on the other hand, are less strongly associated with solid 
phases. This is especially true of Pu(V)O;, which behaves similarly to a monovalent spherical cation. It 
is complexed only weakly in solution and associates with surfaces through cation exchange with 
relatively low selectivity. The tendency to form surface complexes with geologic media follows the same 
order as that of hydrolysis, Pu4+ > PuO? > Pu3+ > Pu02+. 

Humic substances can participate in oxidation-reduction reactions with plutonium as reviewed by 
Choppin (1988) and Kudo (2001) (Choppin and Morgenstern). Reduction appears to be governed by 
hydroquinone groups while oxidation can occur indirectly when humic materials undergo photolysis 
under W light and produce hydrogen peroxide. Reduction of Pu(V1) to Pu(N) has been shown to 
proceed rapidly under laboratory conditions, and reduction to Pu(1II) also can occur under suboxic 
conditions or under aerobic conditions when the pH is below 3. 
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Possible oxidation states of americium are Am(III), Am(IV), Am(V), and Am(VI), but, under 
environmental conditions, americium occurs only as Am(II1) (Seaborg and Loveland 1990). 
Consequently, the environmental chemistry of americium is much simpler than that of plutonium. 
Americium(II1) is considered to behave very similarly to Pu(II1) and is often used as an analogue for 
Pu(II1). 

5.2 Hydrolysis 

Although OH- can be treated strictly as a ligand, in this case, its reaction will be treated with 
plutonium from the viewpoint of the hydrolysis reaction or the dissociation of H20 molecules in the inner 
sphere of the aqueous plutonium species. The analysis in Section 5.3 asserts that OH- ligand can be 
replaced by other species such as C03'- and F. 

5.2.1 Plutonium(lll) and Americium(lll) 

Reliable values for the first hydrolysis constant of Pu(II1) are difficult to obtain because of the 
problem of oxidation to Pu(IV) and subsequent precipitation. The ionic radius of Pu(II1) is 1 .OO A. 
Therefore, it should be a relatively weak acid. For the reaction shown in Equation (2), the log K has been 
reported as high as -3.8 and as low as -6.95 (Katz and Seaborg 1986 [Ahrland]). 

Pu3+ + H 2 0  = PuOH2+ + Hf . (2) 

For Am(III), which has an ionic radius of 0.98 A, direct measurement by titration yielded a value of -7.5 
(Rai et al. 1983). Katz and Seaborg (1986) (Arhland) argue that actinides should be comparable in acidity 
to lanthanides, whose first hydrolysis constants range from log K = -8.3 (La3+) to -7.6 (Lu3+). This 
argument, along with the value reported for Am(III), would seem to support a log K near -7.5; however, 
in a recent compilation of thermodynamic data by the Japan Nuclear Cycle Development Institute, 
Kudo (2001) (Yui et al.) selects a value of log K = -6.4 for Am(II1) and, by analogy, also for Pu(II1) (see 
Table 3). 

5.2.2 Plutonium(1V) 

Tetravalent Pu4+ hydrolyzes easily in solution as a result of its high charge and small radius 
(0.89 A). Log K = -0.5 for the reaction shown in Equation (3) is reported by both Baes and Mesmer 
(1976) and Kudo (2001) (Yui et al.). 

Pu4+ + H 2 0  = PuOH3+ + H+ . (3) 

As pH increases, soluble Pu(IV) disproportionates to form other oxidation states, (Pu[III], Pu[V], and 
Pu[VI]) and Pu(IV) cation precipitates to form PuO;?(s), which is extremely insoluble, whether in an 
amorphous form as reported above or in its crystalline form (see Figure 5 and Table 3). The diagrams in 
Figure 5 were created by Larry Hull based on thermodynamic data from Delany and Lundeen (1990) and 
Lemire et al. (2001). 
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Table 3. Equilibrium constants for Plutonium(IV), Plutonium(V), Plutonium(VI), and Americium(II1) 
solid dissolution, aqueous inorganic formation, and reduction reactions. 

Reaction Log K 
Plutonium( IV) 

Pu02(cr) + 2H20 = Pu4+ + 40H- 

Pu4' + 2H20 = PuOH3+ + H' 
PU4+ + so:- = PUSOF 
PU4+ + 2so:- = Pu(SO,),o 
Pu4+ + 5CO;- = P u ( C O ~ ) ~ ~  
Pu4+ + 2C032- + 2 0 H  = PU(OH)~(CO~);- 
pu4+ + e- = pu3+ 

-63.30a 
Pu02(am) + 2H20 = Pu4' + 40H- -56.85 

-0.50 
9.00 

11.70 
34.18 
44.76 
16.99 

Plutonium(V)" 
Pu02 (OH)(am) = PuO; + O K  -8.79 

-11.00 
-14.32 

NaPuO2CO3(cr> = Na' + Pu02+ + C0:- 
Na3P~02(C03)2(~r) = 3Na+ + Pu02+ + 2C032- 
PuO2' + OH- = Pu02(0H)' 

PU02' + c0:- = Puo2(co3)- 
Pu02+ + c1- = PUO2C1' 

Pu02+ + F = Pu02P 
PUO2+ + €€Po:- = Pu02HP04- 
PuO2' + H2P0, = PuO~H~PO: 

Pu02+ + e- + 4H' = Pu4+ + 2H20 

2.70 
4.35 
4.90 
0.70 
1.10 
1.90 
3.40 
1 S O  
2.00 

18.60 

PUO~' + 20H- = Pu02(0H); 

Pu02+ + NO< = PUO~NO; 

PUO2+ + so:- = Pu02SO4- 

Plutonium(V1) 
PUO? + c1- = PuO2C1' 
P u O ~  + F = Pu02Ft 

0.10 
4.57 
8.24 
9.80 

PuO? + 2 F  = Pu02F; 
P u O ~  + 3 F  = PuO2Fc 
P u O p  + H20 = Pu020H' + H' 
P u O ~  + 2H20 = Pu02(0H); + 2H' 
PuO? + 3Hz0 = Pu02(0H)< + 3H+ 

-5.27 
-12.46 
-24.67 

P u O ~  + NO< = Pu02N03' 
PUOZ2+ + c0:- = PUO2CO3O 
P u O p  + 2c032- = P u O ~ ( C O ~ ) ~ -  
h o p  + 3c032- = P u O ~ ( C O ~ ) ~ ~  
P u O ~  + €PO:- = PuO~HPO: 

0.30 
9.56 

15.00 
17.53 
7.24b 
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Table 3. (continued). 

Reaction Log K 

3. 15b 
4. 14b 

16.16 

P u O p  + = Pu02H2P04' + H' 1.12b 
h o p  + so:- = Pu02so: 
Puop + 2so:- = Puo2(so4);- 
PUO? + e- = PUO~+ 

Americium( 111) 
Am(OH)3(am) = Am3' + 3 0 K  
Am(OH)3(cr) = Am3' + 3 0 H  
Am2(C03)3(cr) = 2Am3' + 3c032- 
AmOHC03(cr) = Am3' + O H  + CO?- 
NaAm(C03)2:6H20(cr) = Na+ + Am3+ + 2C032- + 6H20 
AmP04:nH20(am) = Am3+ + PO:- + nH20 
AmF3(cr) = Am3+ + 3 F  

-25.00 
-26.80 
-33.40 
-22.50 
-2 1.40 
-24.79 
-19.50 

Am3' + H20 = AmOH2+ + H+ -6.40 
Am3' + 2H20 = Am(OH)2f + 2H+ 
Am3' + 3H20 = Am(0H): + H' 

-14.10 
<-28.60 

Am3' + F = A d 2 '  
Am3+ + 2 F  = AmF2+ 

Am3' + C0;- = AmC03+ 
Am3' + 2C032- = Am(C03); 
Am3' + 3CO:- = Am(C03)33- 
Am3' + H2POQ = AmH2P0? 
a. Katz and Seaborg 1986; the log Ks are based on analogy of Np(V). 
b. The log Ks are based on analogy of U(V1). 

3.40 
5.80 

<11.20 
7.60 

12.30 
15.20 
2.74 

Am3' + 3 F  = AmF: 

13 



1.2 

l u t o n i u ~  species in e ~ u i l ~ ~ r i u ~  with 
species at 25°C and 1.013 bars . 

solutions, so considerable unce~ainty i s  in th 

= Pu (4) 

is value wilt on1 o ~ a n t  in e n v i ~ ~ n ~ ~ e n t ~ l  ~olut~ons with >8 when ~on~plexatian with 
~ 0 ~ ~ -  will become a co g reaction (see Figure 6). In Figure 6, p l u ~ o n i u ~ ~  c ~ n ~ e n ~ r  
at molal, a ( ~ c ~ ~  h3, a (Fj = 96, a [ s i 0 ~ ( a ~ ) ]  = ’. ~ i g ~ ~ e  6 was cre 
based on ~ h e r ~ o d y n a  een (1990) and Lernire et at. (2001 j. 

14 



.s 
W 

. '0  2 4 6 0 10 12 14 

PH 03-GA505314X 

Figure 6. The Eh-pH diagram for plutonium in water containing hydroxide, carbonate, and fluoride ions 
representative for Well 5-13 from Yucca Mountain, Nevada (25OC, 1.013 bars). 

5.2.4 Plutonium(V1) 

Plutonium(V1) is strongly hydrolyzed. The first hydrolysis constant for the reaction shown in 
Equation ( 5 )  has been reported to be as high as log K = -3.3 and as low as log K = -5.97 (Katz and 
Seaborg 1986 [Weigel, Katz, and Seaborg]). 

PuO:' + H 2 0  = Pu020Hf + H+ . ( 5 )  

Most reported values are concentration constants and depend on the ionic strength and composition of 
the solution in which they are determined. In the compilation of Kudo (2001) (Yui et ai.), corrections 
have been made using Pitzer ion interaction coefficients to obtain thermodynamic equilibrium constants 
from the best data available. In Table 3, Am(II1) is used as and analogue for Pu(II1). All data are from 
the thermodynamic database selected and developed by Kudo (2001) (Yui et al.). Indirect evidence from 
both spectroscopic and titration data reveals that P u O p  can form dimers and trimers. The dimer 
([PuO2l2[0H]22') and trimer ([PUO~]~[OH]~') are likely candidates, and estimated log "Ks are -8.36 and 
-21.65, respectively (Baes and Mesmer 1976; Katz and Seaborg 1986 [Weigel, Katz, and Seaborg]), for 
reactions of this form: 

nPuO;+ + mH20 = ( P U O ~ ) , O H ~ ~ - ~  + mHf . (6) 
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5.3 Complexation 

5.3.1 Inorganic Complexes 

All oxidation states of plutonium cations behave as hard Lewis acid; therefore, they form primarily 
ionic and electrostatic bonds with hard Lewis bases (Katz and Seaborg 1986 [Arhland]). The order of 
decreasing tendency for complex formation is Pu4+ > P u O p  > Pu3+ > Pu02+, the same as for hydrolysis. 
The hard-hard interaction also is reflected by the following affinity order of the monovalent inorganic 
ligands: F > NO; > C1-> ClO, although C1- and NO< affinities are reversed for PuOp .  For hard, 
divalent ligands, the order C0:- > oxalate > SO,'- is followed with these complexes generally stronger 
than those with monovalent ligands (Katz and Seaborg 1986 [Weigel, Katz, and Seaborg]). 

The Eh-pH diagram shown in Figure 6 includes both F and C0:- complexes with plutonium. 
These complexes are most important under conditions at the edges of Eh and pH values relevant to 
natural waters (see Figure 6). Fluoride complexes with Pu4+ are stable under oxidizing conditions below 
pH 4, and the Pu02CO< complex is stable in oxidizing alkaline solutions. Higher concentrations of 
inorganic ligands could stabilize inorganic complexes with these or other ions, but such concentrations 
are not generally found in natural systems (Kudo 2001 [Choppin and Morgenstern]). Nash, Cleveland, 
and Rees (1988) found a positive correlation between plutonium solubility and carbonate and fluoride 
concentrations when their concentrations were high. They also stated that this result was not in agreement 
with thermodynamic predictions of complex formation, indicating that current equilibrium constants for 
these complexes are less than certain. A fairly recent study of Pu(1V) complexation with C032- indicates 
that earlier determinations of the stability of the first monomeric complex were overestimated (Nitsche 
and Silva 1996). As a result, the amount of plutonium-carbonate complexation may be overstated in 
earlier publications. 

In most natural waters, inorganic complexes with most oxidation states of plutonium are unlikely to 
dominate their solution speciation because stability constants are not high enough for complexation to 
play an important role (Kudo 2001 [Choppin and Morgenstern]). The strongest complexes are formed 
with Pu(IV), and it is clear that inorganic Pu(1V) speciation in solution will be dominated by hydrolysis. 
Although formation of the carbonate complex may not often affect solubility of plutonium in natural 
waters, Nitsche et al. (1992) found evidence that high carbonate water from the Yucca Mountain site in 
Nevada may stabilize Pu(1V) in solution, relative to other plutonium oxidation states. 

Americium is also a hard Lewis acid and forms complexes with the same Lewis bases as 
plutonium. The order for the monovalent anions is F- > H,POb > SCN- > NO; > C1- > ClO, (Katz and 
Seaborg 1986 [Shulz and Penneman]). The stability of Am3+ complexes can be estimated from complexes 
with trivalent lanthanides with similar radii, but americium-ligand bonds tend to be somewhat larger 
because of some covalency from 5f electrons. 

Americium complexation with inorganic ions is to be likely more important than in the case of 
plutonium because of the stable +3 oxidation state for americium. This species forms relatively strong 
complexes, with carbonate in particular (Clark, Hobart, and Neu 1995), and the AmOHC03(s) solid phase 
may be limiting in some natural systems (Nash, Cleveland, and Rees 1988; Nitsche et al. 1992). Nitsche 
et al. (1992) found increased Am(II1) solubility with increasing carbonate content, possibly, because of 
soluble Am-C03 complexes and suggested AmOHCO3(s) as the limiting solid phase. Under most pH and 
Eh conditions found in environmental systems, americium in solution is dominated by Am3+, americium 
carbonates, and americium hydroxycarbonates (see Figure 7). Figure 7 was created by Larry Hull based 
on thermodynamic data from Delany and Lundeen (1990) and Silva et al. (1995). Nash, Cleveland, and 
Rees (1 988) provide evidence that C032- enhances Am(II1) solubility in many carbonate-containing 
waters. 
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Figure 7. The Eh-pH diagram for aqueous americium species at 25°C and 1.013 bars (a[Am] = low5, 
a[HCO] = 10-2.63). 

5.3.2 Organic Complexes 

Complexation of plutonium by organic molecules is dominated by hard-hard interactions as in the 
case of inorganic complexes; thus, the most important functional groups will be OH groups associated 
with carboxylate and phenolic moieties. The order of binding strength in terms of oxidation state is the 
same as given above for inorganic complexes (Katz and Seaborg 1986 [Arhland]). By analogy, Am(II1) 
behaves like Pu(II1) and P u O F  in terms of complexation with organic ligands. Stability complexes with 
the same ligands are often the same between Am(II1) and either Pu(II1) or PuOp,  which are also similar 
in binding strength to the same functional groups (Katz and Seaborg 1986 [Arhland]). Complexation with 
a single carboxylate group is somewhat weaker than with an inorganic carbonate group, but, when the 
organic molecule contains several functional groups able to bond simultaneously with plutonium, much 
stronger complexes are formed (Katz and Seaborg 1986 [Arhland]). Chelate formation can take place 
with organic ligands specifically added to process streams to complex plutonium 
(e.g., ethylenediaminotetraacetic acid [EDTA] and nitrotetraacetic acid [NTA]) and with natural organic 
compounds found in groundwater and in the vadose zone, namely humic materials (Katz and Seaborg 
1986 [Arhland]; Kudo 2001 [Choppin and Morgenstern]). 

Chelating agents, such as EDTA or NTA, form strong complexes with actinide ions (Seaborg and 
Loveland 1990). Strong potential for complexation with organic ligands will increase apparent solubility 
of actinides in aqueous solution. Complexes with EDTA and NTA have repeatedly been found to increase 
concentrations of plutonium in environmental waters (UNIPUB 1982 [Rees and Cleveland]; AI Mahamid 
et al. 1996; Sylwester 2001). For instance, Cleveland and Rees (1981) found that dissolved-Pu(IV)-EDTA 
complexes were the primary plutonium species of leachates from the Maxey Flats radioactive trenches in 
Kentucky. The dominant oxidation state of plutonium in the presence of EDTA and NTA, measured over 
a large range of plutonium and organic ligand ratios at pH 5-8, was found to be Pu(IV). Plutonium(II1) 
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was oxidized, and Pu(V) and Pu(V1) were reduced by organic ligands (A1 Mahamid et al. 1996). The most 
stable of the plutonium-EDTA complexes, Pu(1V) EDTA, is about 10-20 orders of magnitude greater 
than EDTA complexes with transition metals, lanthanides, and alkaline earth metals (Means and 
Alexander 1981). Of all complexing agents tested, EDTA forms the most stable complexes with 
plutonium and out-competes alkali, earth alkali, and transition metals (Cleveland 1979). Incidentally, 
because of its great chelating ability, EDTA is used to remove plutonium ingested by humans (Means and 
Alexander 1981). 

In the absence of synthetic chelates, such as EDTA and NTA, plutonium and americium will 
interact with natural organic molecules, which are dominated by humic substances (Kudo 2001 [Choppin 
and Morgenstern]). In what is strictly an operational definition, humic materials consist of humic acid and 
fulvic acid, which are extractable by strong base, and humin, which is not. Humic acid precipitates from 
aqueous solution at pH 3, and fulvic acid remains in solution. Generally, fulvic acid is made of smaller 
molecular-weight molecules with more titratable functional groups and more aliphatic character 
compared to humic acid. 

Interaction between plutonium and americium with humic and fulvic acid has important effects on 
the behavior of both elements in the environment. These interactions can affect distribution between the 
solution and solid phase, the oxidation state of plutonium, and the transport of both colloidal and soluble 
species (Kudo 2001 [Choppin and Morgenstern]). Nelson et al. (1985) showed that plutonium sorption to 
suspended sediment particles was inhibited by association with organic material while others have shown 
that actinides and organic molecules may simultaneously sorb to inorganic particles (Righetto et al. 1991) 
forming pseudocolloids that may enhance associated radionuclide transport (Buckau, Stumpe, and Kim 
1986; Kudo 2001 [Choppin and Morgenstern]). Fulvic acid did not appear to enhance solubility of 
plutonium or americium in contaminated soil (Cleveland and Rees 1976), but this may be due to the fact 
that much stronger complexes are formed with higher molecular-weight carbon compounds (Agapkina et 
al. 1995; Choppin 1988). McCarthy, Sanford, and Stafford (1998) showed that lanthanide transport was 
enhanced in groundwater at Oak Ridge National Laboratory in the presence of dissolved organic matter, 
but, in its absence, americium was strongly sorbed by the same matrix. Soluble americium and plutonium 
sampled from a contaminant plume were determined by anion exchange separation to be anionic in nature 
and associated with soluble organic complexes (Cooper, Haas, and Mattie 1995). 

5.4 Polymerization 

The plutonium polymer consists of Pu4+ linked by oxide and hydroxide bridges. It can be formed 
either by degradation of Pu(1V) hydroxide or by hydrolysis of Pu4+ ions in solution. Because of the 
concern that plutonium could be concentrated during processing, the formation and stability of the 
plutonium polymer have been extensively studied. Lloyd and Haire (1978) synthesized and characterized 
the polymer by both pathways in a variety of solutions and conditions. The polymer is bright green in 
color, consists of discrete particles generally less than 20 A in diameter, and carries little net charge (Katz 
and Seaborg 1986 [Weigel, Katz, and Seaborg]). Stability of the polymers depends on aging where 
particles transform to a more crystalline state (Lloyd and Haire 1978; Kudo 2001 [Choppin and 
Morgenstern]). Depolymerization can be enhanced by adding complexing ligands, such as F or SO:-, to 
the solution. Rundberg et al. (1988) have studied size and density of the plutonium colloid, and Silver 
(1983) has calculated a free energy for its formation. 

Plutonium(IV) polymerization has been studied extensively under conditions expected in 
processing streams. These solutions have high ionic strength, usually nitrate salts, and high acidity. 
Simple dilution is enough to lower acidity to the point where polymerization occurs (Katz and Seaborg 1986 
[Weigel, Katz, and Seaborg]). Fewer studies exist on polymerization under environmental conditions of 
low Pu(IV) concentration and low ionic strength. Given the low solubility of PuOz, such polymers could 
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form in the environment. Polymer formation will enhance the apparent solubility of plutonium if the 
polymers are small enough in size to form stable colloidal suspensions. 

5.5 Sorption to Subsurface Materials 

5.5.1 Macroscopic Sorption Behavior 

Several studies have been performed to evaluate the sorption of plutonium to subsurface materials 
or to pure minerals. Less work has been carried out with americium, yet its behavior is somewhat better 
understood because of its single oxidation state in natural systems. Examples of many materials examined 
for plutonium and americium sorption are corroded high-level waste glass (Luckscheiter and Kienzler 
2001); clay minerals (Nagasaki, Tanaka, and Suzuki 1997a); calcium carbonate (Nelson, Orlandini, and 
Penrose 1989); iron oxides (Sanchez, Murray, and Sibley 1985); alumina (Righetto et al. 1988); 
groundwater colloids, which included quartz, clay minerals, kaolinite, and iron oxides (Kaplan et al. 
1994); granite and primary minerals (Torstenfelt, Rundberg, and Mitchell 1988); and humic materials 
(Righetto et al. 1988). Studies involving plutonium sorption recently have been reviewed by Kudo (2001) 
(Duff), and some main findings from this review and a few additional references will be summarized 
below. 

Most adsorption studies have been performed with Pu(V) or Pu(V1) as initial species, because 
Pu(II1) species is only found in anoxic systems and has received relatively less attention. Americium(II1) 
has been studied and, though a contaminant in its own right, may serve as an analogue for Pu(II1) as well. 
Plutonium(IV) tends to precipitate as Pu(OH)~ or PuOpn H20 or interact with suspended organic matter 
and is not considered available for simple surface complexation. 

Geologic materials shown to strongly sorb Pu(V) include smectites and synthetic iron and 
manganese oxides. Zeolites, calcite, albite, quartz, and gibbsite have less affinity for Pu(V). Sorption of 
plutonium to smectites (Nagasaki, Tanaka, and Suzuki 1997a), manganese oxides, and calcite may be 
enhanced by the presence of carbonate at concentrations normally found in natural systems. Higher 
amounts of dissolved carbonate can inhibit sorption to iron oxides Possibly because solution 
complexation competes with complexation at the Fe(II1) surface. 

Nelson, Orlandini, and Penrose ( 1989) found that freshly precipitated calcium carbonate selectively 
sorbed h(1II) over h(IV) from solution and suggested use of this as a separation technique for analytical 
purposes. Given the analogy with Am(III), calcite also may effectively sorb this actinide from 
near-neutral solutions. 

Sorption of Pu(V) to natural and synthetic geomedia can be subject to competition from other 
cations. Lanthanides, calcium, and magnesium all have been shown to compete for sorption sites with 
both Pu3+ and Pu02+ cations. Similar behavior would be expected for Am3+. This is not surprising because 
the hard Lewis acid character of actinides, lanthanides, and alkaline earth metals, coupled with their lower 
charge, favors outer sphere complexation with mineral surfaces and organic matter. Thus, they are subject 
to ion exchange. Plutonium(IV) and Pu(VI), on the other hand, are more likely to form inner sphere 
complexes with surface sites because of their higher charge. This conjecture has been supported by batch 
studies of U(V1) and Pu(1V) sorption, but precipitation as an alternative sorption mechanism cannot be 
ruled out in the case of Pu(IV) (Kudo 2001 [Duffl). 

Kudo (2001) (Duff) discusses a popular misconception in plutonium sorption studies that the loss 
of Pu(V) from solution is due to reduction to Pu(IV) species that are precipitated or strongly sorbed to 
geomedia. Sorption of Pu(V) to several minerals, including silica, alumina, goethite, and kaolinite, has 
been ascribed to this reduction process although none of these minerals can be considered significant 
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electron donors. Likewise, sorption of Pu(V1) to calcite was assumed to have reduced to Pu(V) upon 
sorption although neither Ca2+nor C03” should serve as electron donors. Sorption to natural sediment and 
soil is another matter because the presence of humic materials can promote plutonium reduction as 
discussed above. Duff argues that spectroscopic methods such as x-ray absorption near edge structure 
(XANES) are required to determine true oxidation states of sorbed plutonium. 

Sorption of both Am(II1) and Pu(V) to alumina, silica, humic materials, and ternary complexes 
involving metal-humic, mineral interactions was the subject of a study by Righetto et al. (1991). 
Thorium(IV), which can be used as a Pu(IV) analog, and Np(V) also were included. The pHs at which 
50% adsorption occurred on pure silica were 2.5 for thorium, 5.8 for americium, and 7.2 for neptunium. 
Plutonium(V) was studied only on alumina and resembled the sorption of Np(V). All three metals 
complexed with dissolved humic acid and sorption to both alumina and silica were enhanced by the 
addition of humic acid, which also was sorbed to inorganic phases. 

Sequential extraction experiments have shown that subsurface materials have different affinities for 
plutonium and americium. In soil, plutonium and americium are primarily attached to organic matter and 
sesquioxides (Livens, Baxter, and Allen 1987; Bunzl et al. 1995; Litaor and Ibrahim 1996; Ibrahim and 
Moris 1997; Riekkinen and Jaakkola 2001; Loyland-Asbury, LaMont, and Clark 2001). The percentage of 
Pu-239 and Pu-240 associated with organic matter, determined by using sequential extraction techniques, 
has been reported to be more than 57% in an Alfisol under grassland (Bunzl et al. 1995) and 4545% in 
Rocky Flats, Colorado, soil (Litaor and Ibrahim 1996). Although the validity of sequential extractions to 
determine organically bound plutonium has been questioned (Marty, Bennett, and Thullen 1997), 
evidence from studies that have determined plutonium activities separated by soil horizons supports that 
plutonium associates preferentially with organic matter. These studies have indicated that most plutonium 
found in soil was located in litter and organic layers (Riekkinen and Jaakkola 2001). In aquatic systems, 
plutonium partitioning appears to be dominated by association with organic matter (Loyland et al. 2000). 
Sorption of Pu(II1) and Pu(IV) to aquatic sediment shows a strong inverse relation with dissolved organic 
carbon, with decreasing sorption to sediment, and with increasing amounts of dissolved organic carbon 
(UNIPUB 1982 [Wahlgren and Orlandini]), corroborating the role of organic materials either in dissolved 
or solid phase in sequestering plutonium. 

In the few cases where the nature of the organic matter has been identified, most plutonium was 
associated with large molecular-weight (>150,000 Dalton) humic acid and, to a lesser degree, with fulvic 
acid (Livens, Baxter, and Allen 1987). Sorption mechanisms of plutonium to humic and fulvic acid are 
hypothesized to be complexation (Livens, Baxter, and Allen 1987). 

Next to organic matter, plutonium and americium strongly associate with sesquioxides and residual 
fractions, such as aluminosilicate minerals (Ibrahim and Moris 1997). Sesquioxides and residual fractions 
sorbed 10-15% of plutonium in Rocky Flats soil (Litaor and Ibrahim 1996). Only a small portion of 
plutonium was associated with soluble (0.09-0.22%, shaking with distilled water) and exchangeable 
phases (0.044.08%, shaking with 0.01 molal CaC12 solution) (Litaor and Ibrahim 1996). In natural 
zeolitic tuff, Pu(V) was dominantly associated with smectites and manganese oxides rather than with iron 
oxides (Duff et al. 1999; Duff et al. 2001), indicating that the type of oxides influences plutonium 
sorption. Oxidation states of sorbed plutonium were found to be +5 and +6, which show that redox 
reactions can take place during sorption processes (Duff et al. 1999). 

5.5.2 Microscopic Studies of Plutonium-Mineral Interactions 

Several advances in analytical methods are beginning to make possible the characterization of 
sorbed species on geomedia, even at low concentrations, and on submicron particles (Kudo 2001 [Duffl). 
These microanalytical techniques include microprobe, synchrotron-based, x-ray fluorescence mapping, 
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which can determine the distribution of plutonium among specific phases (when used in conjunction with 
electron and optical microscopy techniques) and its association with other elements. Micro-x-ray 
absorption spectroscopy can identify the oxidation state and bonding environment (coordinating ligands, 
bond lengths, and coordination number) of plutonium or americium. Thus, one can determine, potentially 
even in natural samples, minerals to which plutonium and americium sorb, the plutonium oxidation state, 
and the bonding mechanism involved. 

Kudo (2001) (Duff) describes application of these microanalytical techniques in laboratory studies. 
In one case, thin sections of Yucca Mountain tuff were exposed to synthetic groundwater containing 
Pu(V). Microprobe, synchrotron-based, x-ray fluorescence examination revealed that plutonium was 
associated primarily with smectites and manganese oxide but not with iron oxides that were also present. 
This occurred although equilibrium calculations suggested that Pu(V) was anionic in nature as a result of 
complexation with C032- under the solution conditions used. Mineral surfaces involved also should have 
been negatively-charged, which suggests that sorption occurred by means other than simple electrostatic 
attraction or that the stability constants for the plutonium-carbonate solution species were inadequate. 
Kudo (2001) (Duff) suggests that other metal cations in the solution may have caused charge reversal on 
mineral surfaces. 

In another study XANES spectroscopy was used to determine the oxidation state of plutonium 
sorbed to manganese oxides. Micro-XANES uses an -10-pm2 x-ray beam to probe regions of a sample 
that were enriched in plutonium. By seeking out enriched areas, much lower concentrations of plutonium 
can be analyzed than would be expected from bulk concentrations. Plutonium(V) added to the same 
Yucca Mountain tuff was oxidized to Pu(V1) in the presence of smectite-rich ranceite (manganese oxide) 
particles. Ranceite is an Mn(IV) oxide, and Mn(JY) ions, which dominate the surface, would be expected 
to act as electron acceptors, reducing Mn(IV) to Mn(II1) and Mn(I1). 
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6. TRANSPORT OF PLUTONIUM AND AMERICIUM IN THE 
SUBSURFACE 

6.1 Aqueous Solution-Phase Transport 

Because of low-aqueous solubility and strong sorption of plutonium and americium, the major 
transport mechanisms of two radionuclides in terrestrial ecosystems generally have been considered to be 
erosion by water and wind, whereby plutonium and americium are translocated while attached to soil 
particles (Hakonson, Watters, and Hanson 1981). Transport through porous media is slow when 
plutonium and americium are in true solution. Long-term monitoring studies indicate transport rates for 
plutonium and americium through surface soil under natural conditions in the order of millimeters to a 
few centimeters per year (see Table 4). 

Transport experiments in columns (see Table 5 )  show that dissolved species of plutonium and 
americium move slowly, except in one case where Pu(V) and Pu(V1) moved almost unretarded through 
powdered tuff material (see Figure 8) (Thompson 1989). Diagram (a) in Figure 8 is representative 
breakthrough curves for Pu(IV) and Am(II1) colloids, Diagram (b) in Figure 8 is representative 
breakthrough curves for Pu(V) and Pu(V1). Mass recovery is indicated in parentheses in Figure 8 (based 
on data from Thompson 1989). Although Diagram (a) shows a representative breakthrough curve for both 
Pu(V) and Pu(VI), mass recovery varied considerably (between a few percent and 70%), and the cause of 
this variability between different breakthrough curves is not clear. Given that Pu(V) and Pu(V1) moved as 
fast as tritium, radionuclides likely were complexed with ligands present in effluent, which consisted of 
groundwater sampled from the Nevada Test Site. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Pore Volume Pore Volume 

o3-~~50531 -08 

Figure 8. Breakthrough curves of tritium (dashed lines) and plutonium (solid lines) through crushed tuff 
from the Nevada Test Site. 

In many column experiments shown in Table 5 ,  a fast-moving fraction of plutonium and americium 
was observed, and this was generally attributed to colloid-facilitated transport mechanisms. As pointed 
out by Thompson (1989), experiments with plutonium often suffer from uncertainty about the redox 
reactions that can take place during the experiment and that can confound interpretation of the results. 
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6.2 Facilitated Transport 

6.2.1 Forms of Complexes and Colloids 

Significant movement of plutonium and americium in the subsurface seems possible only if 
plutonium and americium migration is facilitated by other compounds or materials present in the 
subsurface. Aqueous complexation, colloid formation, and colloid association can increase the amount of 
plutonium and americium in the solution phase. If these complexes and colloids are stable, fast and 
far-reaching transport in the subsurface can occur. Accelerated transport of radionuclides in particulate 
form was postulated more than 20 years ago (Apps et al. 1982; UNIPUB 1982 [Eichholz and Craft]; 
McCarthy and Zachara 1989). Actinides cannot only associate with naturally occurring colloidal material 
in the subsurface but also can form their own colloidal phases. Despite different types of classification 
schemes (Kim 1991), four possible forms of actinide-bearing colloids and complexes are distinguished: 

0 Organic colloids and organic complexes: Actinides tend to form aqueous complexes with organic 
material, either natural organic material, such as humic or fulvic acid, or by-products of nuclear 
processing or waste, such as EDTA. 

0 Inorganic colloids: Actinides sorb strongly to soil minerals and consequently attach strongly to 
natural colloidal material ubiquitously present in soil and groundwater systems, such as clay 
minerals and sesquioxides. 

0 Intrinsic actinide colloids: Actinides can form their own intrinsic colloids by polymerization. 
Actinides readily hydrolyze in aqueous solution, and hydrolysis is often the first step in 
polynucleation and polymerization of actinide ions. Intrinsic colloids are often called “true 
colloids” or “Eigencolloids” in literature whereas the first two types of colloids are often called 
“pseudocolloids.” 

0 Source-related, actinide-bearing colloids: Plutonium and americium are often released into the 
environment directly in the form of colloids. These actinide-bearing colloids stem from nuclear 
explosions, reactor accidents, and weathering of high-level nuclear waste glass. 

These complexes and colloidal forms have different properties and will behave in distinct ways in terms 
of transport through the subsurface. Different forms and their implications on transport are discussed in 
the following sections. 

6.2.2 Organic Complexes and Colloids 

Organic chelating agents, either natural or present because of human activities, can increase 
apparent solubility of actinide ions. Complexing agents, such as NTA and EDTA, are present in waste 
streams containing actinides, and these organic agents cause ions like plutonium and americium to remain 
in the solution phase (UNIPUB 1982 [Rees and Cleveland]; A1 Mahamid et al. 1996). Consequently, 
mobility and migration of plutonium and americium are greatly enhanced when such complexation 
occurs. 

Both plutonium and americium are prone to complexation with organic matter. Abundant evidence 
shows that a fraction of plutonium and americium present in the subsurface associates with dissolved 
organic matter and that this association increases the effective solubility of actinides in natural systems 
(Cleveland and Rees 1981; UNIPUB 1982 [Rees and Cleveland]; Nelson et al. 1985; Kim et al. 1989). In 
the few cases where the nature of organic matter has been identified, plutonium and americium primarily 
associate with the larger molecular-weight fraction of dissolved organic matter, i.e., with humic acid 
(Alberts, Halverson, and Orlandini 1986; Agapkina et al. 1995). 
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Complexation of actinides with dissolved organic molecules or humic colloids can often reduce 
their sorption to solid phases (UNIPUB 1982 [Wahlgren and Orlandini]). In this case, transport of 
plutonium and americium could be enhanced either by soluble complexes or colloid-facilitated transport. 
Facilitated transport by way of organic colloids has been postulated and reported for both plutonium 
(UNIPUB 1982 [Bondietti]; Livens, Baxter, and Allen 1987; Pavlotskay et al. 1991; Kaplan et al. 1994; 
Krivokhatskii, Smirnova, and Bryzgalova 1994) and americium (Kim et al. 1994; Artinger et al. 1998; 
McCarthy, Sanford, and Stafford 1998). Evidence for colloid-facilitated transport comes from field 
studies as well as from laboratory transport studies. In a field study at the Oak Ridge site, americium 
moved at almost the same speed as a conservative tracer through a fractured shale saprolite (McCarthy, 
Sanford, and Stafford 1998). Adsorption isotherms indicated that, in absence of dissolved organic matter, 
americium sorbed strongly to saprolite, and anion-exchange chromatography and filtration of field water 
samples indicated that americium was indeed complexed with dissolved organic matter (McCarthy et al. 
1998; McCarthy, Sanford, and Stafford 1998). In column transport experiments, humic colloids 
considerably enhanced transport of americium, and colloid-bound americium moved similarly (Kim et al. 
1994) or even at a slightly faster rate than average water flow velocity (Artinger et al. 1998; Artinger 
et al. 2002). Increased levels of humic colloids, as well as increased water flow velocity, resulted in 
increased mass transport of americium (Artinger et al. 1998). 1nteractions.between humic colloids and 
americium were kinetically controlled (Artinger et al. 2002). 

6.2.3 Inorganic Colloids 

There is only scarce evidence for facilitated transport of actinides by inorganic colloids, and much 
of this evidence is only indirect because either direct association of actinides with inorganic colloids has 
not been proven, or in cases where association with colloids was demonstrated, there was no direct proof 
that actinide-bearing colloid really had moved through the subsurface. Based on the temporal correlation 
of particle concentrations and plutonium activities measured in zero-tension lysimeters, it was inferred 
that plutonium likely was transported through a soil profile by mobile particles (Ryan et al. 1998). 
Fractionation of interstitial soil water showed that plutonium and americium were associated with 
suspended particles larger than 0.45 pm (Litaor et al. 1998). Groundwater samples at the Savannah River 
site had the most plutonium associated with colloidal material larger than 500 Dalton (Kaplan et al. 1994). 
In most cases, the mineralogical and physicochemical nature of colloidal particles associated with 
actinides has not been determined. In the most comprehensive field study on colloid-facilitated transport 
of plutonium so far reported from the Nevada Test Site, colloidal particles were identified as native 
minerals occurring in the subsurface of the site, namely illite, smectite, zeolite, and cristobalite (Kersting 
et al. 1999). The unique setting at the Nevada Test Site allowed identification of the source of plutonium 
as one specific underground nuclear test (Kersting et al. 1999), which provided an accurate time mark for 
plutonium release. Transport velocity of plutonium was in agreement with local groundwater flow 
velocity, indicating unretarded movement of plutonium through the subsurface (Kersting et al. 1999). 
Although the possibility still exists that plutonium may have moved differently than colloid-facilitated 
transport (ie., through injections through fractures), these alternatives seem unlikely at this time (Kersting 
et al. 1999; Honeyman 1999). 

Column experiments have shown that kaolinite and montmorillonite colloids can enhance the 
transport of americium through quartz powder with a considerable mass transport of 70-7570 within three 
pore volumes of the column through flow (see Figure 9) (Nagasaki, Tanaka, and Suzuki 1997b; Tanaka 
and Nagasaki 1997). Figure 9 is based on data from Tanaka and Nagasaki (1997) and Nagasaki, Tanaka, 
and Suzuki (1997b). Americium was equilibrated with kaolinite or montmorillonite colloids before 
injection into columns and was found to be quantitatively sorbed to the colloids (Nagasaki, Tanaka, and 
Suzuki 1997b; Tanaka and Nagasaki 1997); therefore, a considerable mass transport would be expected. 
In the absence of inorganic colloids, no americium effluent was detected within the first 10 pore volumes 
of column outflow. 
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Figure 9. Transport of Americium(II1) in the presence of (a) kaolinite and (b) montmorillonite colloids. 

6.2.4 Intrinsic Actinide Colloids 

During polymerization, colloidal particles are initially very small and will grow with time. For 
plutonium, particle sizes vary from <1 nm to >15 pm with increasing particle size during aging (Ichikawa 
and Sat0 1984). It seems likely that plutonium can be transported as an intrinsic colloid. Intrinsic 
plutonium particles have been observed in soil at Rocky Flats (Little and Whicker 1978; McDowell and 
Whicker 1978); however, nothing can be inferred about migration of these particles. 

Transport of intrinsic plutonium and americium colloids has been reported from a laboratory 
experiment involving leaching of powdered high-level waste glass with NaCl solutions and simulated 
groundwater (Kim et al. 1985). Based on ultra filtration and laser-induced spectroscopy, it was 
determined that plutonium was leached as Pu(1V) in the form of a microcolloidal PuOz polymer with 
diameter <10 A (Kim et al. 1985). Colloidal movement of Pu(1V) in the form of a Pu(1V) polymer also 
was reported from a column study with crushed tuff where a small fraction of Pu(IV) traveled faster than 
tritium, which was used as a conservative tracer (Figure 8a) (Thompson 1989). Similar results were 
obtained for Am(II1) (Thompson 1989). 

In column experiments with crushed basalt and basalt-interbed sediment, a fraction of plutonium 
and americium was transported at a fast rate and retarded less than a factor of three compared to the 
conservative tracer tritium (see Figure 10). In Figure 10, values in parentheses are mass recoveries in 
column outflow (Fjeld et al. 2001). Based on filtration experiments, this fast-moving fraction was attributed 
to colloidal transport (Fjeld et al. 2001) although the presence of colloids has not been proven. As the 
inflow solution contained a portion of plutonium and americium in colloidal form (Fjeld et al. 2001), 
radionuclides were likely present as intrinsic colloids. It also appears that transport of radionuclides was 
kinetically controlled as demonstrated by increased americium recovery in the outflow when the water 
flow rate increased (see Figure 11). In Figure 11, values in parentheses are mass recoveries in column 
outflow (Fjeld et al. 2001). Increasing bicarbonate concentrations resulted in an increase of the mass 
recovery of plutonium in the outflow within the first four pore volumes, indicating the presence of 
plutonium-carbonate complexes (Fjeld et al. 2001). Carbonate and bicarbonate are known to form 
complexes with plutonium and americium and actinide ions in general, and carbonate complexes can 
increase solubility of actinides considerably (Clark 2000). These complexes can be neutral or negatively 
charged (Clark 2000) and be mobile in the subsurface. Although these experiments show a fast movement 
of plutonium, the mechanism for this movement cannot be unequivocally determined. Either colloids or 
aqueous complexes are likely responsible for enhanced plutonium migration. 
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Figure 10. Breakthrough curves of tritium, plutonium, and americium in crushed basalt and interbed 
sediment from the Snake River Plain. 
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Figure 1 1.  Breakthrough curves of americium in crushed basalt from the Snake River Plain as a function 
of water flow rate. 
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6.2.5 Source-Related Actinide Colloids 

Plutonium and americium are often released to the environment as particulates. Atmospheric bomb 
testing has been shown to produce actinide or actinide-containing particles with particle sizes ranging 
from submicrometer to centimeter scales (Crocker and O’Connor 1966; Nyhan, Miera, and Neher 1976; 
Cooper et al. 1993). Depending on specific conditions of the nuclear device and height of the explosion 
above ground, actinides can be associated with soil particles incorporated into the fireball or be highly 
active, spherical particles when detonation altitudes are high enough to avoid soil disturbance. Actinides 
released from nuclear power plants and waste storage facilities are also often associated with particles 
(Buck and Bates 1999; Kudo 2001 [Salbu]). Weathering of high-level waste glass has produced 
plutonium-bearing colloidal particles that can form stable suspensions for an extended period of time 
(Bates et al. 1992). During the Chernobyl reactor accident, plutonium and americium were released 
primarily as fuel particles with sizes ranging from a few to hundreds of micrometers (Kashparov et al. 
2000). Depending on the source, relevant particle characteristics, such as size distribution, 
crystallographic structures, and oxidation states of actinides, will differ (Kudo 2001 [Salbu]). Fate and 
transport of released actinides, which depend on weathering rates and mobilization of particle-associated 
radionuclides, are largely source-term dependent. If released particulates are in colloidal size range, they 
may be dispersed in the aqueous phase and translocated through the subsurface, thereby potentially 
making plutonium and americium highly mobile. If, on the other hand, particulates are large inert 
particles, radionuclide migration through the subsurface will be delayed. Project personnel are required to 
know source-term characteristics to ensure an accurate assessment of plutonium and americium fate and 
transport (Kudo 2001 [Salbu]). 

6.2.6 General Comments on Colloid-Facilitated Transport of Plutonium and Americium 

Colloid-facilitated transport appears to be a likely transport mechanism for plutonium and 
americium. Both actinides are strongly sorbing to natural subsurface materials and will not move fast if 
transported only as pure soluble species. Because of their strong sorption and low solubility, plutonium 
and americium are ideal candidates for colloid-facilitated transport (Honeyman 1999). Attached to 
colloidal particles, transport velocities can be as fast as the average speed of water, and actinides can 
move unretarded through the subsurface, irrespective of their oxidation state. Colloid concentrations in 
natural subsurface systems are generally very low, limiting total mass of actinides that can be translocated 
by way of colloid-facilitated transport (Zhang and Brady 2002 [Honeyman and Ranville]). Direct 
evidence for colloid-facilitated transport of plutonium and americium is scarce. Some field studies 
indicate enhanced transport of plutonium by inorganic and americium by organic colloids. Clear evidence 
exists from laboratory column experiments that aluminosilicate and humic colloids can facilitate the 
transport of americium. For plutonium, such clear evidence is missing, and results are compounded by the 
uncertainty of the oxidation state of plutonium. Very little is known about colloidal forms of plutonium 
present during colloid-facilitated transport (i.e., the oxidation states of plutonium when associated with 
colloids) and to what extent plutonium is transported as an intrinsic, inorganically-sorbed, or 
organically-complexed colloid. 

While in many cases colloids can facilitate movement of plutonium and americium, the claim for 
colloid-facilitated transport needs to be substantiated with as much evidence as possible. Sampling and 
measuring colloids in natural systems is not trivial. Sampling artifacts can be caused by contamination 
during coring, in situ mobilization of colloids during water extraction, and disturbances of the natural 
equilibrium between solution and solid phases during sampling. In addition, colloids and contaminants 
may have traveled through a different pathway than through the subsurface as illustrated in the study by 
Penrose et al. (1990) in Los Alamos. Penrose claimed that subsurface colloid-facilitated transport of 
plutonium resulted in fast migration of plutonium through the subsurface, but Penrose probably measured 
plutonium-bearing colloids that have entered the subsurface by way of overland flow (Marty, Bennett, 
and Thullen 1997). 
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[Mahara and Kudo]). Furthermore, microorganisms can induce local changes of pH and redox potentials, 
thereby affecting solubility and mobility of actinides (Kudo 2001 [Francis]). Reduction potential of 
hydrous PuOz is similar to that of a-FeOOH, and it seems likely that that iron-reducing bacteria also can 
reduce Pu(1V) to Pu(III), thereby considerably increasing plutonium solubility (PuOz: log K = -63.3; 
Pu(OH)3: log K = -24) (Kudo 2001 [Francis]). Organic acids, extracellular metabolites, and siderophores 
also will increase plutonium solubility while biosorption and bioprecipitation reactions will lead to 
plutonium immobilization (Kudo 2001 [Francis]). Siderophores can complex Pu(IV), and the 
plutonium-siderophore complex can be taken up by microorganisms although plutonium uptake through 
this mechanism is much slower and less than iron uptake (John et al. 2001). Adsorbed and absorbed 
actinides can be translocated together with moving microorganisms (e.g., bacteria). The quantitative 
magnitude of microbial-facilitated transport depends on amount of sorption, type of exudates, and ability 
of microorganisms to move through the subsurface. 

6.5 Vadose Zone Transport Versus Groundwater Transport 

The physics of water flow in the vadose zone and groundwater are fundamentally different. In 
addition, geochemical conditions, such as redox potential, pH, and ionic strength, are different in the 
vadose zone and groundwater. Consequently, fate and transport of plutonium and americium also will 
differ fundamentally between the two subsurface systems. The following list summarizes major unique 
characteristics of the vadose zone relevant for fate and transport: 

0 Unsaturated and saturated flow obeys different physical laws for flow 

0 Episodic events, such as rainfall events, preferential flow phenomena, or snowmelt, may dominate 
movement of contaminants in the vadose zone 

0 Air-liquid interface may provide sorption or temporary attachment sites for colloidal particles 

0 Organic matter content is usually highest in the topsoil and decreases with increasing soil depth 

Organic and inorganic colloidal material can be mobilized during rainfall events, and soil-forming 
processes continuously generate colloidal material 

Redox conditions can vary temporally but are generally characterized by oxidizing conditions 
unlike in groundwater where redox conditions are more stable. 
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7. CONCEPTUAL MODEL FOR PLUTONIUM AND AMERICIUM FATE 
AND TRANSPORT 

7.1 General Conceptual Model 

A conceptual model for plutonium reaction processes in the vadose zone is depicted in Figure 14. 
h w s  in Figure 14 indicate the direction of reactions. The model contains major geochemical reactions 
that plutonium can undergo, including hydrolysis, complexation, polymerization, precipitation, sorption, 
and colloid attachment and detachment to interfaces. Plutonium can occur in all four oxidation states 
simultaneously, yet, one oxidation state wil l  usually dominate the aqueous system depending on pH and 
Eh conditions. The model depicted shows the complexity involved when dealing with an element like 
plutonium. For constant geochemical conditions, the model can be considerably simplified because 
certain processes will become less relevant thm others, However, as geochemical conditions change 
temporally, in particular in the vadose zone, as well as spatially during migration of plutonium through 
the subsurface, major simplifications are unlikely adequate. A reliable plutonium fate and transpart model 
applicable to field conditions likely will have to include all major processes shown in Figure 14 with 
minor modifications for major oxidation states of plutonium in the local environment. Such a conceptual 
model could be best implemented in a two-phase reactive transport model. 

4 

The conceptual model for americium is very similm to that of plutonium except that no redox 
reactions are present (see Figure 15). h o w s  in Figure 15 indicate the direction of reactions. The 
geochemistry of americium is nevertheless complex, involving hydrolysis, complexation, precipitation, 
sorption, colloid formation, and microbial interactions. Like for plutonium, aqueous-phase concenmtions 
of americium likely me to be dominated by complexed or colloidal-phase americium. Transport of both 
actinides in the subsurface likely is governed by colloidal transport mechanisms. 
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demonstrated by Vilks, Caron, and Haas (1998) and Contardi, Turner, and Ahn (2001), who used the 
linear sorption concept to estimate the relative magnitude of colloid-facilitated transport for risk 
assessment purposes. In this approach, retardation of a contaminant based on linear equilibrium sorption 
with distribution coefficient Kdb (see Equation [7 ] )  is modified to include colloid-facilitated transport (see 
Equation [ 81). 

where 

pb = bulk density (mass of dry soil per total volume of soil) 

8 = volumetric water content 

C = colloid concentration 

F = an empirical factor such that Kd,colloid = FKd,porous medium 

Factor F can be related to specific surface areas (A) of colloids and porous medium in Equation (9), 
which weighs the increased sorptive capacity of colloidal material according to increased surface area 
(Contardi, Turner, and Ahn 2001). 

= Acolloid’Aporous medium (9) 

Such a model has been used to estimate the effect of colloid concentrations on long-term radionuclide 
mobility (Contardi, Turner, and Ahn 2001). 

A refinement of the equilibrium distribution approach would be to incorporate colloid filtration into 
the existing transport model. A conceptual colloid filtration model for an unsaturated porous medium, 
including three types of actinide colloids: inorganic, organic, and intrinsic, is shown in Figure 16. The 
conceptual model accounts for kinetic attachment and detachment of colloidal particles to both 
liquid-solid and liquid-gas interfaces. Attachment and detachment reactions can be represented with 
different types of kinetics, such as first- or higher-order reactions, incorporating site blocking as described 
in review articles (Jin and Flury 2002). 

7.4 Parameterization of Conceptual Models 

Complete conceptual models for plutonium and americium transport include both geochemical and 
colloidal transport processes. Geochemical reactions are complicated, but most of the solution-phase 

b. The equations here are written in the more general form with the volumetric water content f3 in lieu of the porosity to extend 
the analysis to unsaturated porous media. 
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equilibrium constants have been identified (see Table 3) so that a geochemical model will be able to 
describe plutonium and americium species. However, some equilibrium constants are still questionable 
and must be verified. 

Interactions of the colloid with the solid-liquid interface and the liquid-gas interface are difficult to 
parameterize because these reactions will depend on the type of colloids (composition in terms of 
mineralogy or organic matter) and because reactions seem to be dependent on water content of the porous 
medium. An a priori determination of these attachment and detachment processes has not been made for 
field conditions but so far only for controlled laboratory experiments. A posteriori calibration of 
attachment and detachment processes, however, has been successfully executed for colloidal transport in 
groundwater systems but not in the vadose zone. Given that colloidal processes are likely the dominant 
mechanisms for far-reaching and fast plutonium and americium transport, more information regarding 
colloid attachment and detachment in the vadose zone is needed. 

The colloid-facilitated transport model based on distribution coefficients is relatively easy to 
parameterize; parameters involved are sorption coefficient (ICd), bulk density (pb), water content (e), ratio 
of specific surface areas of colloids and porous media (F), and colloid concentration (0. 

A colloid filtration model (see Figure 16) requires parameterization of the liquid-solid interfacial 
reactions of actinide-bearing colloids. The type of these reactions and parameterization possibly could be 
determined based on column breakthrough experiments. 
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8. FUTURE WORK TO REDUCE UNCERTAINTIES 
IN PLUTONIUM AND AMERICIUM MIGRATION PREDICTIONS AT 
THE IDAHO NATIONAL ENGINEERING AND ENVtRONMENTAL 

LABORATORY 

The conceptual models for plutonium and americium fate and transport developed in the previous 
section are formulated in the most general way. As such, they incorporate all relevant processes 
potentially occurring in the subsurface. At specific waste sites, geochemical and hydrological conditions 
may be such that certain processes dominate over others, and consequently, general conceptual models 
can be simplified. The simplification of conceptual models requires synthesis and incorporation of 
site-specific information to assess which processes can reasonably be neglected. In addition, the 
site-specific source of plutonium and americium contamination is an important factor to consider as 
plutonium and americium may be released in specific chemical forms to the subsurface or may be present 
in specific, unique waste streams. 

For the Idaho National Engineering and Environmental Laboratory (INEEL) Subsurface Disposal 
Area (SDA), site-specific information needed to develop an adequate, simplified conceptual model seems 
to be available (Holdren et al. 2002; Magnuson and Sondrup 1998; Becker et al. 1998; Ibrahim and 
Moris 1997). Site-specific plutonium distribution in different soil phases near the SDA has shown that, in 
surface soil, plutonium is mainly associated with carbonates, organic material, sesquioxides, and silicates 
(Ibrahim and Moris 1997). Only a small fraction of plutonium was associated with soluble and 
exchangable sites (Ibrahim and Moris 1997). Based on this information, it seems likely that the major 
transport mechanism for plutonium will be colloidal. However, presence of colloids first must be 
experimentally confirmed. 

A conceptual model for flow and transport at the Radioactive Waste Management Complex has 
been developed and implemented (Magnuson and Sondrup 1998). The model has been shown to describe 
hydrology of the site reasonably well, but radionuclide transport does not seem to be represented well. 
The conceptual model of Magnuson and Sondrup (1998) assumes that radionuclides sorb with a linear 
and equilibrium process, and colloid-facilitated transport is not considered. A very general conceptual 
model for plutonium and americium fate and transport has been discussed in this review. For the SDA, a 
more specific conceptual model (i.e., a simplified version of the general model) can and should be 
deduced. A model based on linear equilibrium sorption (Kd approach) is not likely to provide an accurate 
prediction of plutonium and americium fate and transport at the INEEL site. Geochemical and 
hydrological conditions in the SDA subsurface are too variable and heterogeneous so that a geochemical 
model in combination with colloidal transport mechanisms should be combined with the already-existing 
hydrological model. 

Specific issues related to the SDA, and to be included in the conceptual model, are discussed in the 
following sections. 

8.1 Occurrence and Distribution of Plutonium and Americium in the 
Idaho National Engineering and Environmental Laboratory 

VadoseZone 
Plutonium has been detected, although only sporadically, in the vadose zone and the groundwater 

(Holdren et al. 2002). Based on monitoring data, plutonium was suggested to be present not as a 
continuous plume but as randomly occurring particles (Holdren et al. 2002). This observation, together 
with the fact that plutonium was detected at depths of >42 m (140 ft), indicates a colloidal transport 
mechanism, preferential flow, or a combination of the two. 
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Americium has been observed together with plutonium in the vadose zone (Holdren et al. 2002). 
Other data, however, do not show a strong correlation between americium and plutonium detections. 
Although americium and plutonium likely have similar transport mechanisms, available data do not 
consistently support this hypothesis. 

While reported data indicate a sporadic temporal and spatial occurrence of plutonium and 
americium, radionuclides clearly have moved much deeper than expected based on aqueous solution 
transport. It seems that colloidal transport is occurring, but no hard evidence is available to date. 
Constructing depth profiles of radionuclide distributions (and also of other chemicals available) from 
reported data (cores and lysimeters) would be helpful; it may provide a better picture of trends and 
patterns of radionuclide distribution. 

8.2 Hydrology and Hydrogeology 

Hydrology and hydrogeology at the INEEL site are very complex because of the interplay between 
fractured basalt and sedimentary interbeds. Water flow in the vadose zone likely is influenced to a large 
degree by preferential flow. Episodic events during snowmelt and rainfall cause transient conditions and 
may trigger preferential flow. Sedimentary interbeds overlaying basalt rock can cause perched water 
tables to form, which in turn can trigger preferential or fractured flow through basalt. In regard to 
plutonium and americium transport, hydrological conditions have several implications: (1) rapid flow 
through fractures can reduce contaminant sorption by reducing the effective surface area available for 
sorption as well as by reducing time available for equilibrium sorption to occur; (2) perched water tables 
imply a change in redox conditions, which is very relevant for plutonium speciation; (3) the vadose zone 
is stratified and mineralogically and chemically heterogeneous, resulting in different geochemical 
conditions in different depths; and (4) it has been reported that most fractures have clay liners (Holdren 
et al. 2002), indicating that colloidal transport is frequent and naturally occurring. Colloid-facilitated 
transport of plutonium and americium are likely to occur as well. 

A geochemical transport model requires spatially distributed geochemical and hydrological data 
that do not seem to be available at the INEEL site. Geochemical and hydrological properties as a function 
of depth should be assessed for the vadose zone below the SDA. 

8.3 Chlorinated Solvents 

Existence of mixed waste (INEEL 2000), containing metals, radionuclides, and organic solvents, 
presents a difficult remediation problem. Techniques that would normally be used to clean up one type of 
contaminant, in many cases, will not affect other contaminants. In other cases, it may create new 
problems for one or more of the other contaminants. For example, chlorinated hydrocarbons, such as 
carbon tetrachloride and trichloroethylene, may be removed from subsurface materials by volatilization. 
Vacuum enhanced thermal desorption is an example of such a process and could be used in the presence 
of plutonium and americium, but radionuclides would not volatilize. This would leave waste that is only 
partially remediated but still may constitute an improvement over mixed waste. In such a case, an 
examination of any changes of the state of plutonium and americium as a result of thermal treatment 
should be considered. Another common treatment of chlorinated hydrocarbons involves the use of 
reactive barriers designed for reductive decomposition of compounds. Metallic iron can be used for this 
purpose, but the affect on accompanying plutonium and americium is unknown. Reduced plutonium 
would be more soluble than Pu(IV) so such a transformation could be undesirable. Americium(II1) and 
Pu(III), on the other hand, might substitute for Fe(II1) in Fe(OH)3 products of iron metal oxidation. Given 
that Am(II1) has a larger ionic radius than Fe(III), one would expect substitution to be limited. In short, 
the mixed waste problem will require solutions that consider side reactions of accompanying solutes, 
colloidal materials, and solvents. It is unlikely that a method developed for one waste can effectively treat 
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mixed waste without modification and, in some cases, could result in a more reactive form of the 
untreated contaminant. 

8.4 Complexing Agents 

Both inorganic and organic complexing agents may be present. 

8.4.1 Inorganic Complexes 

Plutonium and americium are present in the SDA in combination with high-nitrate concentrations. 
Nitrate is a complexing agent for both plutonium and americium and can increase aqueous solubility of 
radionuclides, rendering them more mobile in the subsurface. Also, carbonate can form complexes. For 
plutonium, nitrate and carbonate complexes are not likely too important because aqueous species will be 
dominated by hydrolysis. For americium, on the other hand, carbonate complexes are likely to play an 
important role in increasing americium solubility. Fluoride and phosphate are also strong complexing 
agents. Measuring nitrate, carbonate, phosphate, and fluoride concentrations in pore water and 
groundwater would be useful. 

8.4.2 Organic Complexes 

Organic complexing agents, such as EDTA, diaminocyclohexane tetraacetic acid, and citric acid, 
are present in Rocky Flat waste streams (INEEL 2000). These chemicals are very strong complexing 
agents, particularly EDTA, and plutonium and americium complexes likely exist at INEEL. In addition, 
natural organic materials, in particular humic acid, also contribute to actinide complexation. 

Laboratory batch and column experiments using INEEL-site basalt and interbed sediment have 
shown that americium and Pu(IV) sorption is considerably reduced in the presence of EDTA; no effect 
was observed for Pu(V). 

Information is needed about the presence of these complexing agents (EDTA, diaminocyclohexane 
tetraacetic acid, citric acid, and humic acid) in pore water of the vadose zone of the Radioactive Waste 
Management Complex. Although not a proof for enhanced actinide transport, the presence of these 
complexing agents in cores and lysimeters would point to a potentially important transport mechanism. 

8.5 Waste Streams 
Plutonium at the SDA is contained in a variety of different waste streams, including wasted 

laboratory equipment, ash, organic sludge, and inorganic sludge (Becker et al. 1998; Holdren et al. 2002). 
Plutonium can be released from these sources either in aqueous, dissolved form or as particulates. 
Depending on the source and form of the release, the oxidation state of plutonium likely will differ as 
well, thereby influencing the environmental behavior of the actinide. Analysis of fluids from the waste 
deposits would reveal in which form plutonium and americium are released from the waste. 

8.6 Effect of Sampling Techniques on Assessment of Plutonium 
and Americium Fate and Transport 

The nature and extent of contamination in the subsurface at the INEEL site are monitored by 
different methods, such as suction lysimeters, core sampling, and groundwater sampling from wells. All 
these methods have advantages and disadvantages and can cause sampling artifacts. Very little 
information is available at present on the effect of these sampling methods to determine colloid 
concentrations. Groundwater sampling and cores are suspected to yield higher-than-natural colloid 
concentrations because of disturbances of local water flow field or physical disturbance of the porous 
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medium itself. Suction lysimeters will suffer from a similar artifact during installation but usually will 
operate under low fluxes after installation so that local colloid mobilization seems unlikely. However, 
dissolved radionuclides may sorb, and suspended colloids may stick to the walls of ceramic porous cups, 
which has been supported both by laboratory experimentation as well as field sampling showing generally 
smaller americium concentrations in suction lysimeters compared to core samples (Holdren et al. 2002). 
Stainless steel porous cups might reduce sorption of aqueous species but will not necessarily be inert for 
colloid sampling. At the INEEL, personnel have observed that stainless steel membranes tend to filter out 
colloidal material although pore sizes of the membranes were much larger than the colloid sizes. 
Systematic tests in this regard do not exist or are not known at this time. Many different types of porous 
material are available, ranging from Teflon and porous plastic to stainless steel and ceramic, and 
systematic tests regarding sampling of colloidal particles would be highly valuable. 

Data on plutonium and americium from suction lysimeters at Radioactive Waste Management 
Complex have shown sporadic occurrence of the two radionuclides, but no clear trends have been 
detected on whether a widespread contamination or a migrating contaminant plume is present (Holdren 
et al. 2002). Higher detection frequencies for americium were found in soil cores compared to suction 
lysimeters (Holdren et al. 2002), indicating possible retention of americium in porous cups. Systematic 
experimental studies should be conducted to determine the representativeness of suction devices in regard 
to sampling pore water for americium, plutonium, and colloidal particles. 

8.7 Colloid Concentrations and Composition in Pore Water and 
Groundwater 

If colloid-facilitated transport occurs, colloidal material could be measured in the pore water. 
Colloids can come in different sizes, ranging from nonfilterable humic acid to m-sized inorganic colloids. 
Intrinsic colloids can vary over a large magnitude of sizes. Pore water should be analyzed for the presence 
of colloidal material. While this is possible, although difficult, in the saturated zone, colloid sampling in 
the unsaturated zone is challenging. Zero-tension lysimeters have been employed in some cases, but 
suction lysimeters must first be shown to produce reliable results. Through such measurements, not only 
would the presence of colloids be verified, the simple conceptual model based on the distribution 
coefficient also requires knowledge on type (surface area) and concentrations of colloids. 

8.8 Filtration and Dialysis of Pore and Groundwater Samples 

Samples taken from lysimeters and wells could be filtered sequentially with different filter sizes 
and dialysis membranes to determine whether colloidal plutonium and americium are present. Also, the 
presence of nonfilterable anionic plutonium and americium complexes in the pore and groundwater could 
be analyzed with an ion-exchange membrane or ion-exchange column. 

8.9 Modeling Analysis of Column Breakthrough Experiments from 
Fjeld’s Article 

The experimental data set of Fjeld’s article, “Characterization of the Mobilities of Selected 
Actinides and FissiodActivation Products in Laboratory Columns Containing Subsurface Material from 
the Snake River Plain,” (Fjeld et al. 2001) could be analyzed with mechanistic models to elucidate exact 
mechanisms and processes responsible for the observed fast transport of a small fraction of actinides. This 
analysis also would yield quantitative parameters for a colloid filtration model as shown in Figure 16. 

41 



9. REFERENCES 

Agapkina, G. I., F. A. Tikhomirov, A. I. Shcheglov, W. Kracke, and K. Bunzl, 1995, “Association of 
Chernobyl-Derived 239+?’u, 241Am, %h-, and 137Cs with Organic Matter in the Soil Solution,” 
Journal of Environmental Radioactivity, Vol. 29, No. 3, pp. 257-269. 

Alberts, J. J . ,  J. E. Halverson, and K. A. Orlandini, 1986, “The Distribution of Plutonium, Americium and 
Curium Isotopes in Pond and Stream Sediments of the Savannah River Plant, South Carolina, 
USA,” Journal of Environmental Radioactivity, Vol. 3, pp. 249-27 1. 

A1 Mahamid, I., K. A. Becraft, N. L. Hakem, and R. C. Gatti, 1996, “Stability of Various Plutonium 
Valence States in the Presence of NTA and EDTA,” Radiochimica Acta, Vol. 74, pp. 129-134. 

Apps, J. A., C. L. Carnahan, P. C. Lichtner, M. C. Michel, D. Perry, R. J. Silva, 0. Weres, and 
A. F. White, 1982, Status of Geochemical Problems Relating to the Burial of High-Level 
Radioactive Waste, NRC FIN B3 109, Lawrence Berkeley Laboratory, Prepared for the U.S. 
Nuclear Regulatory Commission. 

Artinger, R., B. Kienzler, W. Schuessler, and J. I. Kim, 1998, “Effects of Humic Substances on the 241Am 
Migration in a Sandy Aquifer: Column Experiments with Gorleben Groundwater/Sediment 
Systems,” Journal of Contaminant Hydrology, Vol. 35, No. 1-3, pp. 261-275. 

Artinger, Robert, Wolfram Schuessler, Thorsten Schaefer, and Jae-I1 Kim, 2002, “A Kinetic Study of 
Am(III)/Humic Colloid Interactions,” Environmental Science and Technology, Vol. 36, No. 20, 
pp. 4358-4363. 

Baes, C. F. and R. E. Mesmer, 1976, The Hydrolysis of Cations, New York: John Wiley. 

Baskaran, M., Shaunna Asbill, Peter Santschi, James Brooks, Michael Champ, Dan Adkinson, 
Matthew R. Colmer, and Vyacheslav Makeyev, 1996, “Pu, 137Cs and Excess ’l0Pb in Russian 
Arctic Sediments,” Earth Planetary Science Letters, Vol. 140, No. 1 4 ,  pp. 243-257. 

Bates, J. K., J. P. Bradley, A. Teetsov, C. R. Bradley, and M. Buchholtz ten Brink, 1992, “Colloid 
Formation during Waste Form Reaction: Implications for Nuclear Waste Disposal,” Science, 
Vol. 256, pp. 649-651. 

Becker, B. H., J. D. Burgess, K. J. Holdren, D. K. Jorgensen, S. 0. Magnuson, and A. J. Sondrup, 1998, 
Interim Risk Assessment and Contaminant Screening for the Waste Area Group 7 Remedial 
Investigation, DOE/ID-10569, Rev. 0, U.S. Department of Energy Idaho Operations Office. 

Brady, Nyle C. and Ray R. Weil, 2001, The Nature and Properties of Soil, Upper Saddle River: Prentice 
Hall. 

Buck, Edgar C. and John K. Bates, 1999, “Microanalysis of Colloids and Suspended Particles from 
Nuclear Waste Glass Alteration,” Applied Geochemistry, Vol. 14, No. 5,  pp. 635-653. 

Buckau, G., R. Stumpe, and J. I. Kim, 1986, “Americium Colloid Generation in Groundwaters and Its 
Speciation by Laser-Induced Photoacoustic Spectroscopy,” Journal of the Less- Common Metals, 
Vol. 122, pp. 555-562. 

42 



Bundt, Maya, Achim Albrecht, Pascal Froidevaux, Peter Blaser, and Hannes Fliihler, 2000, “Impact of 
Preferential Flow on Radionuclide Distribution in Soil,” Environmental Science and Technology, 
Vol. 34, NO. 18, pp. 3895-3899. 

Bunzl, K. and W. Kracke, 1990, “Simultaneous Determination of 238Pu, 239+240Pu, 241Pu, 241Am, 242 Cm, 
Cm, 89Sr, and in Vegetation Samples, and Application to Chernobyl-Fallout Contaminated 244 

Grass,” Journal of Radioanalytical and Nuclear Chemistry, Vol. 138, pp. 83-91. 

Bunzl, K. and W. Kracke, 1994, “Fate of Fall-Out Plutonium and Americium in the Environment: 
Selected Examples,” Journal of Alloys and Compounds, Vol. 2131214, pp. 212-218. 

Bunzl, K., H. Flessa, W. Kracke, and W. Schimmack, 1995, “Association of Fallout 2 3 9 + 2 ~ u  and 241Am 
with Various Soil Components in Successive Layers of a Grassland Soil,” Environmental Science 
and Technology, Vol. 29, No. 10, pp. 2513-2518. 

Bunzl, K., H. Forster, W. Kracke, and W. Schimmack, 1994, “Residence Times of Fallout 239+2%, 238Pu, 
Am and 137Cs in the Upper Horizons of an Undisturbed Grassland Soil,” Journal 241 

of Environmental Radioactivity, Vol. 22, pp. 11-27. 

Bunzl, K., W. Kracke, and W. Schimmack, 1992, “Vertical Migration of Plutonium-239 + -240, 
Americium-241 and Caesium-137 Fallout in a Forest Soil Under Spruce,” Analyst, Vol. 117, 
pp. 469-474. 

Carnall, William, 1983, Plutonium Chemistry, Washington DC: American Chemical Society, 
pp. 275-295. 

Carter, Melvin W. and A. Alan Moghissi, 1977, “Three Decades of Nuclear Testing,” Health Physics, 
Vol. 33, NO. 1, pp. 55-71. 

Choppin, G. R., 1983, “Comparison of the Solution Chemistry of the Actinides and Lanthanides,” 
Journal of the Less-Common Metals, Vol. 93, pp. 323-330. 

Choppin, G. R., 1988, “Humics and Radionuclide Migration,” Radiochimica Acta, Vol. 44/45, pp. 23-28. 

Choppin, G. R., 1992, “The Role of Natural Organics in Radionuclide Migration in Natural Aquifer 
Systems,” Radiochimica Acta, Vol. 58/59, pp. 113-120. 

Choppin, G. R., 1999, “Utility of Oxidation State Analogs in the Study of Plutonium Behavior,” 
Radiochimica Acta, Vol. 85, No. 3, pp. 89-95. 

Choppin, G. R., A. H. Bond, and P. M. Hromadka, 1997, “Redox Speciation of Plutonium,” Journal of 
Radioanalytical and Nuclear Chemistry, Vol. 219, pp. 203-210. 

Clark, D. L., 2000, “The Chemical Complexities of Plutonium,” Los Alamos Science, Vol. 26, 
pp. 364-381. 

Clark, David L., David E. Hobart, and Mary P. Neu, 1995, “Actinide Carbonate Complexes and Their 
Importance in Actinide Environmental Chemistry, Chemical Reviews, Vol. 95, No. 1, pp. 2548.  

Cleveland, 3. M., 1970, The Chemistry of Plutonium, New York: Gordon and Breach Publishing Group. 

43 



Cleveland, J. M., 1979, Chemical Modeling in Aqueous Systems, Washington DC: American Chemical 
Society, pp. 321-338. 

Cleveland, J. M., and T. F. Rees, 1981, “Characterization of Plutonium in Maxey Flats Radioactive 
Trench Leachates,” Science, Vol. 212, pp. 1506-1509. 

Cleveland, Jess M. and Terry F. Rees, 1976, “Investigation of Solubilization of Plutonium and 
Americium in Soil by Natural Humic Compounds,” Environmental Science and Technology, 
Vol. 10, NO. 8, pp. 802-806. 

Cochran, J. Kirk, S. Bradley Moran, Nicholas S. Fisher, Thomas M. Beasley, and James M. Kelley, 2000, 
“Sources and Transport of Anthropogenic Radionuclides in the Ob River System, Siberia,” Earth 
and Planetary Science Letters, Vol. 179, No. 1, pp. 125-137. 

Contardi, J. S., D. R. Turner, and T. M. Ahn, 2001, “Modeling Colloid Transport for Performance 
Assessment,” Journal of Contaminant Hydrology, Vol. 47, No. 2-4, pp. 323-333. 

Cooper, E. I., M. K. Haas, and J. F. Mattie, 1995, “Studies of the Speciation of Plutonium and Other 
Actinides in Natural Groundwater Using anion Exchange Resin,” Applied Radiation and Isotopes, 
Vol. 46, NO. 11, pp. 1159-1 173. 

Cooper, M. B., P. A. Bums, B. L. Tracy, M. J. Wilks, and G. A. Williams, 1993, “Characterization of 
Plutonium Contamination at the Former Nuclear Weapons Testing Range at Maralinga in South 
Australia,” Journal of Radioanalytical and Nuclear Chemistry, Vol. 177, pp. 161-184. 

Coughtrey, P. J., D. Jackson, C. H. Jones, P. Kane, and M. C. Thorne, 1984, Radionuclide Distribution 
and Transport in Terrestrial and Aquatic Ecosystems: A Critical Review of Data, Rotterdam: A. A. 
Balkema Publishers. 

Crocker, G. R., J. D. O’Connor, and F. E. C., 1966, “Physical and Radiochemical Properties of Fallout 
Particles,” Health Physics, Vol. 12, pp. 1099-1 104. 

Daniels, W. R., 1982, Summary Report on the Geochemistry of Yucca Mountain and Environs, 
LA-9328-MS, Los Alamos National Laboratory. 

Dasher, Douglas, Wayne Hanson, Stan Read, Scott Faller, Dennis Farmer, Wes Efurd, John Kelley, and 
Robert Patrick, 2002, “An Assessment of the Reported Leakage of Anthropogenic Radionuclides 
from the Under-Ground Nuclear Test Sites at Amchitka Island, Alaska, USA, to the Surface 
Environment,” Journal of Environmental Radioactivity, Vol. 60, No. 1-2, pp. 165-1 87. 

Delany, J. M. and S. R. Lundeen, 1990, The LLNL Thermochemical Database, UCRL-21658, Lawrence 
Livermore National Laboratory. 

Duff, M. C., D. B. Hunter, I. R. Triay, P. M. Bertsch, D. T. Reed, S. R. Sutton, G. Shea-McCarthy, 
J. Kitten, P. Eng, S. J. Chipera, and D. T. Vaniman, 1999, “Mineral Associations and Average 
Oxidation States of Sorbed Pu on Tuff,” Environmental Science and Technology, Vol. 33, No. 13, 
pp. 2163-2169. 

Duff, M. C., D. B. Hunter, I. R. Triay, P. M. Bertsch, J. Kitten, and D. T. Vaniman, 2001, “Comparison of 
Two Micro-Analytical Methods for Detecting the Spatial Distribution of Sorbed Pu on Geological 
Materials,” Journal of Contaminant Hydrology, Vol. 47, No. 2-4, pp. 21 1-218. 

44 



Fjeld, R. A., T. A. DeVol, R. W. Goff, M. D. Blevins, D. D. Brown, S. M. Ince, and A. W. Elzerman, 
2001, “Characterization of the Mobilities of Selected Actinides and FissiodActivation Products in 
Laboratory Columns Containing Subsurface Material from the Snake River Plain,” Nuclear 
Technology, Vol. 135, pp. 92-108. 

Flury, M., H. Fliihler, W. A. Jury, and J. Leuenberger, 1994, “Susceptibility of Soil to Preferential Flow 
of Water: A Field Study,’’ Water Resources Research, Vol. 30, pp. 1945-1954. 

Gasco, C., M. P. Anton, M. Pozuelo, J. Meral, A. M. Gonzalez, C. Papucci, and R. Delfanti, 2002, 
“Distributions of Pu, Am and Cs in Margin Sediments from Western Mediterranean (Spanish 
Coast),” Journal of Environmental Radioactivity, Vol. 59, No. 1, pp. 75-89. 

Hakonson, T. E., R. L. Watters, and W. C. Hanson, 1981, ‘The Transport of Plutonium in Terrestrial 
Ecosystems,” Health Physics, Vol. 40, pp. 63-69. 

Haque, M. A. and T. Nakanishi, 1999, “Host Phase of 239,240Pu and 241Am in Deep-sea Sediment,” 
Journal of Radioanalytical and Nuclear Chemistry, Vol. 239, pp. 565-569. 

Hardy, E. P., P. W. Krey, and H. L. Volchok, 1973, “Global Inventory and Distribution of Fallout 
Plutonium,” Nature, Vol. 241, pp. 444-445. 

Harley, M., 1980, “Plutonium in the Environment-A Review,” Journal of Radiation Research, Vol. 21, 
pp. 83-104. 

Holdren, K. J., B. H. Becker, N. L. Hampton, L. D. Koeppen, S. 0. Magnuson, T. J. Meyer, G. L. Olson, 
and A. J. Sondrup, 2002, Ancillary Basis for Risk Analysis of the Subsurface Disposal Area, 
INEEL/EXT-02-01125, Rev. 0, Idaho National Engineering and Environmental Laboratory. 

Honeyman, Bruce D., 1999, “Colloidal Culprits in Contamination,” Nature, Vol. 397, pp. 23-24. 

Huh, C. A., 1997, 6‘2~u/239Pu Ratios in Sun Moon Lake Sediments; Implications for Sources of Nuclear 
Fallout in Taiwan,” Diqiu Kexue Jikan (TAO, Terrestrial, Atmospheric and Oceanic Sciences), 
Vol. 8, pp. 289-294. 

Ibrahim, S. A. and R. C. Moris, 1997, “Distribution of Plutonium among Soil Phases near the Subsurface 
Disposal Area in Southeastern Idaho, USA,” Journal of Radioanalytical and Nuclear Chemistry, 
Vol. 226, pp. 217-220. 

Ichikawa, F. and T. Sato, 1984, “On the Particle Size Distribution of Hydrolyzed Plutonium(IV) 
Polymer,” Journal of Radioanalytical and Nuclear Chemistry, Vol. 84, pp. 269-275. 

INEEL, 1998, Acceptable Knowledge Document for  INEEL Stored Transuranic Waste-Rocky Flats 
Plant Waste, INEL-96/0280, Rev. 2, Idaho National Engineering and Environmental Laboratory. 

Iranzo, E., P. Rivas, E. Mingarro, C. Marin, M. A. Espinosa, and C. E. Iranzo, 1991, “Distribution and 
Migration of Plutonium in Soil of an Accidentally Contaminated Environment,” Radiochimica 
Acta, Vol. 52/53, pp. 249-256. 

Jacobsen, 0. H., P. Moldrup, C. Larson, L. Konnerup, and L. W. Petersen, 1997, “Particle Transport in 
Macropores of Undisturbed Soil Columns,” Journal of Hydrology, Vol. 196, No. 1 4 ,  pp. 185-203. 

45 



Jin, Y. and M. Flury, 2002, “Fate and Transport of Viruses in Porous Media,” Advances in Agronomy, 
Vol. 77, pp. 39-102. 

John, Seth G., Christy E. Ruggiero, Larry E. Hersman, Chang-Shung. Tung, and Mary P. Neu, 2001, 
“Siderophore Mediated Plutonium Accumulation by Microbacterium Avescens (JG-9),” 
Environmental Science and Technology, Vol. 35, No. 14, pp. 2942-2948. 

Kaplan, D. I., P. M. Bertsch, D. C. Adriano, and K. A. Orlandini, 1994, “Actinide Association with 
Groundwater Colloids in a Coastal Plain Aquifer,” Radiochimica Acta, Vol. 66/67, pp. 181-187 

Kashparov, V. A., V. P. Protsak, N. Ahamdach, D. Stammose, J. M. Peres, V. I. Yoschenko, and 
S. I. Zvarich, 2000, “Dissolution Kinetics of Particles of Irradiated Chernobyl Nuclear Fuel: 
Influence of pH and Oxidation State on the Release of Radionuclides in the Contaminated Soil of 
Chernobyl,” Journal of Nuclear Materials, Vol. 279, No. 2-3, pp. 225-233. 

Katz, J. J. and G. T. Seaborg, 1986, The Chemistry of the Actinide Elements, New York: Chapman and 
Hall. 

Ahrland, S., “Solution Chemistry and Kinetics of Ionic Reactions,” pp. 1480-1546. 
Morss, L. R., “Thermodynamic Properties,” pp. 1278-1360. 
Shulz, W. W. and R. A. Penneman, “Americium,” pp. 887-961. 
Weigel, F., J. J. Katz, and G. T. Seaborg, “Plutonium,” pp. 499-886. 

Kersting, A. B., D. W. Efurd, D. L. Finnegan, D. J. Rokop, D. K. Smith, and J. L. Thompson, 1999, 
“Migration of Plutonium in Ground Water at the Nevada Test Site,” Nature, Vol. 397, pp. 56-59. 

Kim, J. I., 1986, Handbook on the Physics and Chemistry of the Actinides, Amsterdam: North-Holland, 
pp. 413-455. 

Kim, J. I., 1991, “Actinide Colloid Generation in Groundwater,” Radiochimica Acta, Vol. 52/53, 
pp. 71-81. 

Kim, J. I., B. Delakowitz, P. Zeh, D. Klotz, and D. Lazik, 1994, “A Column Experiment for the Study of 
Colloidal Radionuclide Migration in Gorleben Aquifer System,” Radiochimica Acta, Vol. 66/67, 
pp. 165-171. 

Kim, J. I., G. Buckau, E. Bryant, and R. Klenze, 1989, “Complexation of Americium (111) with Humic 
Acid,” Radiochimica Acta, Vol. 48, pp. 135-143. 

Kim, J. I., W. Treiber, C. Lierse, and P. Offerman, 1985, “Solubility and Colloid Generation of Plutonium 
from Leaching of an HLW Glass in Salt Solutions,” Materials Research Society Symposium 
Proceedings, Vol. 44, pp. 359-368. 

KO, C. H. and M. Elimelech, 2000, “The ‘Shadow Effect’ in Colloid Transport and Deposition Dynamics 
in Granular Porous Media: Measurements and Mechanisms,” Environmental Science and 
Technology, Vol. 34, pp. 3681-3689. 

Kretzschmar, R., M. Borkovec, D. Grolimund, and M. Elimelech, 1999, “Mobile Subsurface Colloids and 
Their Role in Contaminant Transport,” Advances in Agronomy Vol. 66, pp. 121-193. 

46 



Krivokhatskii, A. S., E. A. Smirnova, and R. V. Bryzgalova, 1994, “Plutonium Transport through Porous 
Media (Silicate Sand),” Radiochemistry, Vol. 36, pp. 518-521. 

Kudo, A., ed., 2001, Radioactivity in the Environment: Plutonium in the Environment: Proceedings of the 
Second International Symposium, Amsterdam: Elsevier Health Sciences. 

Choppin, G. R. and A. Morgenstern, “Distribution and Movement of Environmental Plutonium,” 

Duff, M. C., “Speciation and Transformations of Sorbed Pu on Geologic Materials: Wet 

Francis, A. J., “Microbial Transformations of Plutonium and Implications for Its Mobility,” 

Mahara, Y. and A. Kudo, “Plutonium Mobility and Its Fate in Soil and Sediment Environments,” 

Salbu, B., “Actinides Associated with Particles,” pp. 121-138. 
Taylor, D. M., “Environmental Plutonium-Creation of the Universe to Twenty-First Century 

Mankind,” pp. 1-14. 
Yui, M., T. Shibutani, M. Shibata, D. Rai, and M. Ochs, “A Plutonium Geochemical Database for 

Performance Analysis of High-Level Radioactive Waste Repositories,” pp. 159-174. 

pp. 91-105. 

Chemical and Spectroscopic Observations,” pp. 139-157. 

pp. 201-219. 

pp. 347-362. 

Lemire, R. J., H. Nitsche, P. Potter, M. H. Rand, J. Rydberg, K. Spahiu, J. C. Sullivan, W. J. Ullman, 
P. Vitorge, and H. Wanner, 2001, Chemical Thermodynamics of Neptunium and Plutonium, 
Amsterdam: Elsevier Health Sciences. 

Lide, D. R., 1994, CRC Handbook of Chemistry and Physics, Boca Raton: CRC Press. 

Lieser, K. H., 1995, “Radionuclides in the Geosphere: Sources, Mobility, Reactions in Natural Waters 
and Interactions with Solids,” Radiochimica Acta, Vol. 70/7 1, pp. 355-375. 

Litaor, M. I. and S.  A. Ibrahim, 1996, “Plutonium Association with Selected Solid Phases in Soil of 
Rocky Flats, Colorado, Using Sequential Extraction Technique,” Journal of Environmental 
Quality, Vol. 25, pp. 1144-1 152. 

Litaor, M. I., G. Barth, E. M. Zika, G. Litus, J. Moffitt, and H. Daniels, 1998, “The Behavior of 
Radionuclides in the Soil of Rocky Flats, Colorado,” Journal of Environmental Radioactivity, 
Vol. 38, pp. 17-46. 

Litaor, M. I., G. R. Barth, and E. M. Zika, 1996, “Fate and Transport of Plutonium-239+240 and 
Americium-241 in the Soil of Rocky Flats, Colorado,” Journal of Environmental Quality, Vol. 25, 
pp. 671-683. 

Litaor, M. I., M. L. Thompson, G. R. Barth, and P. C. Molzer, 1994, “Plutonium-239+240 and 
Americium-241 in Soil East of Rocky Flats, Colorado,” Journal of Environmental Quality, Vol. 23, 
pp. 1231-1239. 

Little, C. A. and F. W. Whicker, 1978, “Plutonium Distribution in Rocky Flats Soil,” Health Physics, 
Vol. 34, pp. 451-457. 

Livens, F. R., M. S. Baxter, and S .  E. Allen, 1987, “Association of Plutonium with Soil Organic Matter,” 
Soil Science, Vol. 144, pp. 24-28. 

47 



Lloyd, M. H. and R. G. Haire, 1978, “The Chemistry of Plutonium in Sol-Gel Processes,” Radiochimica 
Acta, Vol. 25, pp. 139-148. 

Loyland, S. M., S. P. LaMont, S. E. Herbison, and S. B. Clark, 2000, “Actinide Partitioning to an Acidic, 
Sandy Lake Sediment,” Radiochimica Acta, Vol. 88, pp. 793-798. 

Loyland-Asbury, S. M., S. P. LaMont, and S. B. Clark, 2001, “Plutonium Partitioning to Colloidal and 
Particulate Matter in an Acidic, Sandy Sediment: Implications for Remediation Alternatives and 
Plutonium Migration,” Environmental Science and Technology, Vol. 35, pp. 2295-2300. 

Luckscheiter, B. and B. Kienzler, 2001, “Determination of Sorption Isotherms for Eu, Th, U, and Am on 
the Gel Layer of Corroded HLW Glass,” Journal of Nuclear Materials, Vol. 298, pp. 155-162. 

Magnuson, S. 0. and A. J. Sondrup, 1998, Development, Calibration, and Predictive Results of a 
Simulator for Subsurface Pathway Fate and Transport of Aqueous- and Gaseous-Phase 
Contaminants in the Subsurj4ace Disposal Area at the Idaho National Engineering and 
Environmental Laboratory, INEELEXT-97-00609, Rev. 0, Idaho National Engineering and 
Environmental Laboratory. 

Mahara, Y. and A. Kudo, 1995, “Plutonium Released by the Nagasaki A-bomb: Mobility in the 
Environment,” Applied Radiation and Isotopes, Vol. 46, pp. 1191-1201. 

Mahara, Y. and A. Kudo, 1998, “Probability of Production of Mobile Plutonium in Environments of Soil 
and Sediments,” Radiochimica Acta, Vol. 82, pp. 1191-1201. 

Mahara, Y. and S. Miyahara, 1984, “Residual Plutonium Migration in Soil of Nagasaki,” Journal of 
Geophysical Research, Vol. 89, pp. 793 1-7936. 

Marty, R. C., D. Bennett, and P. Thullen, 1997, “Mechanism of Plutonium Transport in a Shallow 
Aquifer in Mortandad Canyon, Los Alamos National Laboratory, New Mexico,” Environmental 
Science and Technology, Vol. 3 1, pp. 2020-2027. 

McCarthy, J. F. and J. M. Zachara, 1989, “Subsurface Transport of Contaminants,” Environmental 
Science and Technology, Vol. 23, pp. 496-502. 

McCarthy, J. F., K. R. Czerwinski, W. E. Sanfrod, P. M. Jardine, and J. D. Marsh, 1998, “Mobilization of 
Transuranic Radionuclides from Disposal Trenches by Natural Organic Matter,” Journal of 
Contaminant Hydrology, Vol. 30, pp. 49-77. 

McCarthy, J. F., W. E. Sanford, and P. L. Stafford, 1998, “Lanthanide Field Tracers Demonstrate 
Enhanced Transport of Transuranic Radionuclides by Natural Organic Matter,” Environmental 
Science and Technology, Vol. 32, pp. 3901-3906. 

McDowell, L. M. and F. W. Whicker, 1978, “Size Characterization of Plutonium Particles in Rocky Flats 
Soil,” Health Physics, Vol. 35, pp. 293-299. 

McKinley, I. G. and W. R. Alexander, 1992, “Constraints on the Applicability of In Situ Distribution 
Coefficient Values,” Journal of Environmental Radioactivity, Vol. 15, pp. 19-34. 

48 



Means, J. L. and C. A. Alexander, 1981, ‘The Environmental Biogeochemistry of Chelating Agents and 
Recommendations for the Disposal of Chelated Radioactive Wastes,” Nuclear and Chemical Waste 
Management, Vol. 88, pp 609-612. 

Michel, H., G. Barci-Funel, G. Ardisson, P. Casper, and F. El-Daoushy, 2001, “Plutonium-238,239-240 
Inventories in Sediment Cores from Stechlin Lake, Germany,” Journal of Radioanalytical and 
Nuclear Chemistry, Vol. 250, pp. 159-164. 

Michel, H., G. Barci-Funel, J. Dalmasso, G. Ardisson, P. G. Appleby, E. Haworth, and F. El-Daoushy, 
2002, “Plutonium and Americium Inventories in Atmospheric Fallout and Sediment Cores from 
Blelham Tam, Cumbria UK,” Journal of Environmental Radioactivity, Vol. 59, pp. 127-137. 

Miller, R. W. and D. T. Gardiner, 2001, Soil in our Environment, Upper Saddle River: Prentice Hall. 

Mitchell, P. I., L. L. Vintro, H. Dahlgaard, C. Gasco, and J. A. Sanchez-Cabeza, 1997, “Perturbation of 
the 240Pu/239Pu Global Fallout Ratio in Local Sediments Following the Nuclear Accidents at Thule 
(Greenland) and Palomares (Spain),” Science of the Total Environment, Vol. 202, pp. 147-153. 

Muramatsu, Y., T. Hamilton, S. Uchida, K. Tagai, S. Yoshida, and W. Robison, 2001, “Measurement of 
Pu-24O/Pu-239 Isotopic Ratios in Soil from the Marshall Islands Using ICP-MS,” Science of the 
Total Environment, Vol. 278, pp. 151-159. 

Nagasaki, S., S. Tanaka, and A. Suzuki, 1997a, “Affinity of Finely Dispersed Montmorillonite Colloidal 
Particles for Americium and Lanthanides,” Journal of Nuclear Materials, Vol. 244, pp. 29-35. 

Nagasaki, S., S. Tanaka, and A. Suzuki, 1997b, “Interfacial Behavior of Actinides with Colloids in the 
Geosphere,” Journal of Nuclear Materials, Vol. 248, pp. 323-327. 

Nash, K. L., J. M. Cleveland, and T. F. Rees, 1988, “Speciation Pattern of Actinides in Natural Waters: A 
Laboratory Investigation,” Journal of Environmental Radioactivity, Vol. 7, pp. 13 1-157. 

Nelson, D. M. and M. B. Lovett, 1978, “Oxidation State of Plutonium in the Irish Sea,” Nature, Vol. 276, 
pp. 599-601. 

Nelson, D. M., K. A. Orlandini, and W. R. Penrose, 1989, “Oxidation States of Plutonium in 
Carbonate-Rich Natural Waters,” Journal of Environmental Radioactivity, Vol. 9, pp. 189-198. 

Nelson, D. M., W. R. Penrose, J. 0. Karttunen, and P. Mehlha, 1985, “Effects of Dissolved Organic 
Carbon on the Adsorption Properties of Plutonium in Natural Waters,” Environmental Science and 
Technology, Vol. 19, pp. 127-131. 

Nitsche, H. and R. J. Silva, 1996, “Investigation of the Carbonate Complexation of Pu(1V) in Aqueous 
Solution,” Radiochimica Acta, Vol. 72, pp. 65-72. 

Nitsche, H., A. Muller, E. M. Standifer, R. S. Deinhammer, K. Becraft, T. Prussin, and R. C. Gatti, 1992, 
“Dependence of Actinide Solubility and Speciation on Carbonate Concentration and Ionic Strength 
in Groundwater,” Radiochimica Acta, Vol. 58/59, pp. 27-32. 

NRC, 2001, Conceptual Models of Flow and Transport in the Fractured Vadose Zone, National Research 
Council, Washington DC: National Academy Press, pp. 149-1 87. 

49 



Nyhan, J. W., B. J. Drennon, W. V. Abeele, M. L. Wheeler, W. D. Purtymun, G. Trujillo, W. J. Herrera, 
and J. Booth, 1985, “Distribution of Plutonium and Americium Beneath a 33-Year-Old Liquid 
Waste Disposal Site,” Journal of Environmental Quality, Vol. 14, pp. 501-509. 

Nyhan, J. W., J. R. Miera, and R. E. Neher, 1976, “Distribution of Plutonium in Trinity Soil after 
28 Years,” Journal of Environmental Quality, Vol. 5 ,  pp. 431437. 

Olsen, C. R., P. D. Lowry, S. Y. Lee, I. L. Larsen, and N. H. Cutshall, 1986, “Geochemical and 
Environmental Processes Affecting Radionuclide Migration from a Formerly Used Seepage 
Trench,” Geochimica et Cosmochirnica Acta, Vol. 50, pp. 593-607. 

Pavlotskaya, F. I., I. Y. Kazinskaya, E. M. Korobova, B. F. Myasoedov, and V. V. Emelyanov, 1991, 
“Migration of Chernobyl Plutonium in Soil,” Journal of Radioanalytical and Nuclear Chemistry, 
Vol. 147, pp. 159-164. 

Penrose, W. R., W. L. Polzer, E. H. Essington, D. M. Nelson, and K. A. Orlandini, 1990, “Mobility of 
Plutonium and Americium through a Shallow Aquifer in a Semiarid Region,” Environmental 
Science and Technology, Vol. 24, pp. 228-234. 

Poyarkov, Victor, Victor Bar’ yakhtar, Valerie Kukhar, Ivan Los, Vladimir Kholosha, and Vyachaslav 
Shestopalov, 2000, The Chornobyl Accident: A Comprehensive Risk Assessment, Columbus: 
Battelle Press. 

Baryakhtar, V., V. Poyarkov, V. Kholosha, and N. Shteinberg, “The Accident,” pp. 5-34. 
Shestopalov, V. and V. Poyarkov, “Environmental Contamination,” pp. 97-179. 

Price, K. R., 1991, “The Depth Distribution of %Sr, 137Cs, and 23932? u in . Soil Profile Samples,” 
Radiochimica Acta, Vol. 54, pp. 145-147. 

Rai, D., R. G. Strickert, D. A. Moore, and J. L. Ryan, 1983, “Am(II1) Hydrolysis and Solubility of 
Am(1II) Hydroxide,” Radiochimica Acta, Vol. 33, pp. 201-206. 

Rhodes, D. W., 1957, “Adsorption of Plutonium by Soil,” Soil Science, Vol. 84, pp. 465471. 

Riekkinen, I. and T. Jaakkola, 2001, “Effect of Industrial Pollution on Soil-to-Plant Transfer of Plutonium 
in a Boreal Forest,” Science of the Total Environment, Vol. 278, pp. 161-170. 

Righetto, L., G. Bidoglio, B. Marcandalli, and I. R. Bellebono, 1988, “Surface Interactions of Actinides 
with Alumina Colloids,” Radiochimica Acta, Vol. 44/45, pp. 73-75. 

Righetto, L., G. Bidoglio, G. Azimonti, and I. R. Bellebobo, 1991, “Competitive Actinide Interactions in 
Colloidal Humic Acid-Mineral Oxide Systems,” Environmental Science and Technology, Vol. 25, 
pp. 1913-1919. 

Rubio Montero, M. P. and A. Martin Sanchez, 2001, “Plutonium Contamination from Accidental Release 
or Simply Fallout: Study of Soil at Palomares, Spain,” Journal of Environmental Radioactivity, 
Vol. 55, pp. 157-165. 

Rubio Montero, M. P., A. Martin Sanchez, M. T. Crespo Vazquez, and J. L. Gascon Murillo, 2000, 
“Analysis of Plutonium in Soil Samples,” Applied Radiation and Isotopes, Vol. 53, pp. 259-264. 

50 



Rundberg, R. S., A. J. Mitchell, I. R. Triay, and N. B. Torstenfelt, 1988, “Size and Density of a 242Pu 
Colloid,” Materials Research Society Symposium Proceedings, Vol. 1 12, pp. 243-257. 

Runde, W., 2000, “The Chemical Interactions of Actinides in the Environment,” Los Alamos Science, 
Vol. 26, pp. 392-41 1. 

Ryan, Joseph N. and Menachem Elimelech, 1996, “Colloid Mobilization and Transport in Groundwater,” 
Colloids and Sugaces A: Physicochemical and Engineering Aspects, Vol. 107, pp. 1-56. 

Ryan, J. N., T. H. Illangasekare, M. I. Litaor, and R. Shannon, 1998, “Particle and Plutonium 
Mobilization in Macroporous Soil during Rainfall Simulations,” EnvironmentaZ Science and 
Technology, Vol. 32, pp. 476-482. 

Saltelli, A., A. Avogardo, and G. Bidoglio, 1984, “Americium Filtration in Glauconitic Sand Columns,” 
Nuclear Technology, Vol. 67, pp. 245-254. 

Sanchez, A. L., J. W. Murray, and T. H. Sibley, 1985, “The Adsorption of Plutonium IV and V on 
Goethite,” Geochimica et Cosmochimica Acta, Vol. 49, pp. 2297-2307. 

Schijven, J. F. and S. M. Hassanizadeh, 2000, “Removal of Viruses by Soil Passage: Overview of 
Modeling, Processes, and Parameters,” Critical Reviews in Environment Science and Technology, 
Vol. 30, pp. 49-127. 

Seaborg, G. T. and W. D. Loveland, 1990, The Elements Beyond Uranium, New York: John Wiley. 

Silva, R. J., G. Bidoglio, M. H. Rand, P. B. Robouch, H. Wanner, and I. Puigdomenech, 1995, Chemical 
Thermodynamics of Americium, Amsterdam: Elsevier Science Publishers. 

Silver, G. L., 1983, “Free Energy of Plutonium Polymer Formation,” Journal of the Less-Common 
Metals, Vol. 91, pp. 317-320. 

Skipperud, L., D. Oughton, and B. Salbu, 2000, “The Impact of Pu Speciation on Distribution 
Coefficients in Mayak Soil,” Science of the Total Environment, Vol. 257, pp. 81-93. 

Sylwester, E. R., 2001, “Effect of EDTA on Plutonium Migration,” Journal of Radioanalytical and 
Nuclear Chemistry, Vol. 250, pp. 47-53. 

Tamura, T., 1975, “Distribution and Characterization of Plutonium in Soil from Nevada Test Site,” 
Journal of Environmental Quality, Vol. 4, pp. 350-354. 

Tanaka, S. and S. Nagasaki, 1997, “Impact of Colloid Generation on Actinide Migration in High-Level 
Radioactive Waste Disposal: Overview and Laboratory Analysis,” Radioactive Waste 
Management, Vol. 118, pp. 58-68. 

Thompson, J. L., 1989, “Actinide Behavior on Crushed Rock Columns,” Journal of Radioanalytical and 
Nuclear Chemistry, Vol. 130, pp. 353-364. 

Torstenfelt, B., R. S. Rundberg, and A. J. Mitchell, 1988, “Actinide Sorption on Granites and Minerals as 
a Function of pH and ColloidsPseudocolloids,” Radiochimica Acta, Vol. 44/45, pp. 11 1-1 17. 

51 



UNIPUB, 1982, Environmental Migration of Long-lived Radionuclides: Proceedings of an International 
Symposium on Migration in the Terrestrial Environment of Long-Lived Radionuclides from the 
Nuclear Fuel Cycle, Lanham: Bernan Associates. 

Bondietti, E. A., “Mobile Species of Pu, Am, Cm, Np, and Tc in the Environment,” pp. 81-96. 
Delegard, C. H., S. A. Gallagher, and R. B. Kasper, “Saturated Column Leach Studies: Hanford 

Eichholz, G. G. and T. F. Craft, “Role of Particulates in Subsurface Migration of Wastes,” 

Garten, C. T., J. R. Trabalka, and M. A. Bogle, “Comparative Food Chain Behavior and 

216-2-1A Sediments,” pp. 177-182. 

pp. 541-555. 

Distribution of Actinide Elements in and around a Contaminated Fresh-Water Pond,” 

Rees, T. F. and J. M. Cleveland, “Characterization of Plutonium in Waters at Maxey Flats, 
Kentucky, and near the Idaho Chemical Processing Plant, Idaho,” pp. 41-52. 

Schuttelkopf, H. and M. Pimpl, “Radioecological Studies on Plutonium and Iodine-129 in the 
Surroundings of the Karlsruhe Processing Plant,” pp. 395413. 

Wahlgren, M. A. and K. A. Orlandini, “Comparison of the Geochemical Behavior of Plutonium, 
Thorium, and Uranium in Selected North American Lakes,” pp. 757-774. 

Yamamoto, M., K. Komurs, and M. Sakanoue, “Distribution and Characteristics of Plutonium 
and Americium in Soil,” pp. 481-489. 

Yamato, A., 0. Narita, Y. Kitahara, S. Fukuda, and Y. Kurokawa, “Vertical Distribution of 
Fall-Out 241Am and 239’240pu in Soil of Undisturbed Places in Ibaraki, Japan,” pp. 489494. 

pp. 299-312. 

Vilks, P., F. Caron, and M. K. Haas, 1998, “Potential for the Formation and Migration of Colloidal 
Material from a Near-Surface Waste Disposal Site,” Applied Geochemistry, Vol. 13, pp. 3142.  

Wan, J. M. and J. L. Wilson, 1994, “Colloid Transport in Unsaturated Porous Media,” Water Resources 
Research, Vol. 30, pp. 857-864. 

Wan, J. M. and T. K. Tokunaga, 1997, “Film Straining of Colloids in Unsaturated Porous Media: 
Conceptual Model and Experimental Testing,” Environmental Science and Technology, Vol. 3 1, 
pp. 2413-2420. 

Wan, J. M., J. L. Wilson, and T. L. Kieft, 1994, “Influence of the Gas-Water Interface on Transport of 
Microorganisms through Unsaturated Porous Media,” Applied and Environment Microbiology, 
Vol. 60, pp. 509-516. 

Watters, R. L., T. E. Hakonson, and L. J. Lane, 1983, “The Behavior of Actinides in the Environment,” 
Radiochimica Acta, Vol. 32, pp. 89-103. 

Wildung and Garland, 1977, The Relationship of Microbial Processes in the Fate and Behavior of 
Transuranic Elements, PNL-2416NC-11, Pacific Northwest National Laboratory. 

Yamamoto, M., A. Tsumura, Y. Katayama, and T. Tsukatani, 1996, “Plutonium Isotopic Composition in 
Soil from the Former Semipalatinsk Nuclear Test Site,” Radiochimica Acta, Vol. 72, pp. 209-215. 

Zhang and Brady, 2002, Geochemistry of Soil Radionuclides, Madison: Soil Science Society of America. 

Honeyman, B. D. and J. F. Ranville, “Colloid Properties and Their Effects on Radionuclide 

Runde, W ., “Geochemical Interactions of Actinides in the Environment,” pp. 2 1 4 4 .  
Zhang, P., J. L. Krurnhansl, and P. V. Brady, “Introduction to Properties, Sources, and 

Transport through Soils and Groundwater,” pp. 13 1-163. 

Characteristics of Soil Radionuclides,” pp. 1-20. 

52 


